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Statements 
1. Both Al-Mg and Al-Ca antagonisms are commonly observed in crop species. 
This thesis 
2. Harmonizing the selection of plant genotypes with soil amendment is necessary for 
optimizing crop productivity. 
This thesis 
3. The observed close relationship between Al-induced root damage and plant dry matter 
production may be established by a "signal" induced in roots and transmitted to the shoots. 
This thesis 
Bennet R J and Breen C M1991 The aluminium signal: New dimensions to mechanisms of aluminium 
tolerance. Plant and Soil 134, 153-166 
4. Absence of root damage with plants grown on an acid soil is not a guarantee that the 
plants do not suffer from Al stress. 
This thesis 
5. Sensitivities of sorghum genotypes against Al-induced root damage and Al-induced Mg 
deficiency are not correlated. This strengthens the importance of a more comprehensive 
approach in plant breeding for acid soils. 
This thesis 
Duncan R R 1988 Sequential development of acid soil tolerant sorghum genotypes under field stress 
conditions. Commun. Soil Sei. Plant Anal. 19, 1295-1305 
6. As the effects of Al on plant growth are of a complex nature, the challenge for the 
future is to evaluate the contribution of each separate mechanism to Al tolerance. 
This thesis 
Taylor G J 1991 Current views of the aluminum stress response; The physiological basis of tolerance. 
Cur. Top. Plant Biochem. Physiol. 10, 57-93 
7. Liming acid soils is not advisable for potato. Application of Mg may be an alternative 
for improving its production. 
Haverkort A J 1992 Interacting effects of potato cyst nematode infection and soil acidity on the growth 
of potato. In Second Congress of the European Society for Agronomy Proceedings. Ed. A Scaife. pp 260-
261. Warwick, UK 
Lee C R 1971 Influence of aluminum on plant growth and mineral nutrition of potatoes. Agron. J. 63, 
604-608 
8. Olympic spirit should be fostered and enhanced in educational and scientific studies. 
9. An investment of time is essential for an efficient use of a computer. 
10. It takes decades to flourish forest, but a hundred years to rear people. 
11. Scientists divide things into integrated components. Therefore, the scientific world is 
as boundless as the sea or the sky. 
12. Sorghum can be a source of wisdom and wine. 
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Abstract 
Tan, K., 1993. Analysis of aluminium sensitivity in sorghum (Sorghum bicolor (L.) 
Moench) genotypes. Ph. D. thesis, Wageningen Agricultural University, Wageningen, The 
Netherlands. 155 pages. 
Twelve genotypes of sorghum (Sorghum bicolor (L.) Moench) differing in Al sensitivity 
were grown in an acid soil (with additions of lime or MgS04) and in nutrient solutions 
(with or without Al at constant pH) for periods between 14 and 35 days. The objective 
was the identification of the factors controlling dry matter yield of sorghum under 
different growth conditions. In both media Al was the major constraint, restricting growth 
in two independent ways: (1) by inducing Mg deficiency and (2) via damaging the roots 
(i.e. by giving them a stubby and discolorated appearance and by reducing their specific 
root length, m g" dry root). The sensitivities of the genotypes against Al-induced Mg 
deficiency and Al-induced root damage were not correlated. At moderate acidity (pH 
around 4.8), Mg deficiency dominanfly limited growth whilst at a higher acidity (pH ~4.2) 
root damage overruled Mg deficiency in its negative effect on growth. At pH 4.8, addition 
of Mg improved growth by reducing the degree of Mg deficiency. At pH 4.2, Mg 
improved growth mainly by preventing the roots from Al-induced damage. 
Several external factors modified the Al sensitivity of the genotypes by strengthening or 
weakening the negative effects of Al on Mg nutrition and root development. At pH 4.2, 
Ca and NH4 both counteracted Al-induced root damage but aggravated Al-induced Mg 
deficiency. The contrary was true for N03. When the concentration of soluble Al was kept 
approximately constant at 15 uAf, both Al-induced root damage and Mg deficiency were 
aggravated by acidity in the range pH 3.9-4.8. Aluminium toxicity in sorghum grown in 
nutrient solution was independent of P deficiency, although an increased P supply partly 
eliminated Al phytotoxicity. 
The results stress the importance of both Al and Mg ions and their interactions in 
determining growth response of sorghum and other cereals to acid soils. 
Additional index words: aluminium toxicity, (Al x Mg) interactions, genotype difference, 
Mg deficiency, root damage, soil acidity, Sorghum bicolor (L.) Moench 
The research reported in this thesis was done at the Department of Soil Science and Plant 
Nutrition, Wageningen Agricultural University, P.O.Box 8005, 6700 EC Wageningen, The 
Netherlands. 
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Chapter 1 
General introduction 
General introduction 
Acidification of soils 
Soils may become acid naturally or artificially, both by depletion of bases and/or by 
accumulation of acids (Helyar and Porter, 1989; Van Breemen et ah, 1983). 
The most important sources of soil acidification are the following: 
(1) Decomposition of minerals by weathering and subsequent leaching of bases such as 
Na, K, Ca and Mg by rain; 
(2) Inputs of carbonic, nitric and sulfuric acids from rain- and irrigation water, and 
addition of acidic fertilizers; 
(3) Production of acids in soils by, for example, hydration and dissociation of 
atmospheric carbon dioxide, formation of organic acids, nitrification of ammonia, or 
oxidation of reduced sulfur compounds (H2S and FeS); 
(4) Plant-induced production of acidity when an excess of cations over anions is taken 
up, when Ca, Mg and K are removed with harvested products and when plant residues are 
degraded. 
The relative importance of the contribution of these processes on soil acidification 
depends on the composition of parent material, the climate, vegetation, and on human 
activities such as industry, traffic and agriculture (Helyar and Porter, 1989). In humid 
regions, for example, the leaching of Na, K, Ca and Mg is usually the dominant process, 
when the content of bases in the parent material is low. In some industrial areas 
depositions of nitric and sulfuric acids are major causes of soil acidity. 
Acid soils are widely distributed all over the world. It is estimated that they make up 
nearly half the area of potential arable land in the world not requiring irrigation (Van 
Wambeke, 1976). 
Growth of plants is generally restricted in acid soils (Foy, 1984). As a result, agricultural 
production may be limited, and forest vegetation may suffer from damage and dieback. 
Due to impairment of the vegetation, secondary problems such as soil erosion and 
increased leaching of nutrients may arise. Finally, the acidification may extend to surface-
and underground water and have detrimental effects on the ecosystem (Kennedy, 1986; 
Roy et al, 1988). 
Stress factors of acid soils on plants 
Several characteristics of acid soils may negatively influence plant growth. The acidity 
modifies the solubility of many elements, thus influencing their availability for plants. 
Concentrations of Al, H and Mn are often increased to toxic levels whereas nutrients such 
as P, Ca, Mg, K and Mo tend to get deficient. Nutrient deficiencies are often strengthened 
by a low soil cation exchange capacity leading to nutrient loss by leaching (Dudal, 1976; 
Sanchez and Salinas, 1981). In addition, the inhibition of nitrification may lead to an 
accumulation of NH4 with a potentially negative impact on growth of plants. Finally, a 
poor soil structure may also hamper plant growth. 
Aluminium toxicity is generally considered as the most important stress factor (Fageria 
et al, 1988; Van Raij, 1991). Roots of plants suffering from Al toxicity are generally 
stubby and brittle. This characteristic pattern results from reduced elongation of the main 
axis and lateral roots, through the following possible mechanisms: 
(1). Inhibition of root cell elongation. Aluminium may inhibit cell elongation in 
meristematic tissue (Horst and Klotz, 1990), and decrease cell elasticity by cross-linking 
pectin in the cell wall (Rorison, 1958) or by inhibiting the synthesis of cell wall materials 
through reduced activity of the Golgi apparatus (Bennet et al, 1985), or by depressing the 
expansion of cells through effects on osmotic potential (Miyasaka et al, 1989). 
(2). Inhibition of root cell division. Aluminium may accumulate in the nuclei, thus 
causing inhibition of mitosis in meristematic cells of the root tips (Clarkson, 1965; Horst 
et al, 1983; Morimura et al, 1978). 
When roots are damaged by Al- or H ions (Moore, 1974), the soil volume which can be 
exploited by the plants is decreased. As a consequence the ability to access nutrients and 
water is reduced and the risk of their deficiency increased. 
In addition, these ions may aggravate existing nutrient deficiencies by "induced" 
deficiencies, i.e. by interfering with their uptake, transport, and use. Examples are the 
antagonistic actions of Al (or H) on the uptake of K, Mg and Ca. Phosphorus can be 
immobilized by the precipitation of Al-phosphates in the soil or in the root (Foy, 1984). 
Adaptation of plants to acid soils 
Plant species differ with respect to their sensitivity to acid soil factors (Foy, 1974; 
Kamprath, 1984). Even within one and the same species some genotypes are less sensitive 
than others. In the literature, most emphasis has been given to crop species such as 
sorghum (Gourley et al, 1990), wheat (Little, 1988), barley (Reid, 1971), soybean (Horst 
and Klotz, 1990), alfalfa (Devine et al, 1976) and maize (Magnavaca et al, 1987), 
because genotypes with a low sensitivity to soil acidity may be favourably used in 
agriculture. 
Roots of the tolerant genotypes may be resistant to high concentrations of Al- and H 
ions. In addition, these plants may be efficient in uptake and use of nutrients. The 
mechanisms underlying such differences are far from being understood. Current 
hypotheses have been reviewed frequently (Foy, 1988; Kamprath and Foy, 1985; 
Marschner, 1991 etc.). The following discussion will concentrate on possible mechanisms 
to cope with excess Al and nutrient deficiency. 
Root development 
Normal development of roots will help to ensure adequate uptake and use of water and 
nutrients, rendering the plant tolerant to drought and nutrient deficiency (Barber and 
Silberbush, 1984; Krizek and Foy, 1988). Differences in Al tolerance between wheat 
cultivars were evidenced by differences in Al-induced damage to root tips and lateral roots 
(Fleming and Foy, 1968). The length of the seminal (or longest) root has been used 
extensively as a criterion of acid-soil tolerance in many crop species such as wheat 
(Baligar et al, 1991), rice (Howeler and Cadavid, 1976) and sorghum (Duncan et al., 
1983). 
Plants tolerant to Al toxicity may either immobilize Al in the rhizosphere and apoplast, 
thus reducing its absorption rate ("exclusion"), or detoxify it after absorption into the 
symplast ("internal detoxification"; Taylor, 1991). 
Exclusion. Aluminium may be excluded by the establishment of a barrier in the 
rhizosphere or in the root apoplast. If more equivalent of nutrient anions than of nutrient 
cations are taken up, the rhizosphere pH will increase and the solubility and toxicity of 
Al will be reduced. Such a pH-barrier may result from a preferential uptake of N 0 3 
compared with NH4 (Nye, 1981) and has been demonstrated in wheat, barley, pea and 
maize (Foy, 1988). Low cation exchange capacity of the root could contribute to Al 
tolerance by selective exclusion of polyvalent cations, reduced binding and uptake of Al 
(Blarney et al, 1990; Taylor, 1988). In addition, complexation of Al by exuded organic 
acids in the rhizosphere (Jones, 1961; Ojima and Ohira, 1988), or within the mucilage 
(Horst etal, 1982) has been discussed as potential mechanism of Al tolerance. Phosphate 
and chelating ligands may decrease the concentration of free Al ions in the rhizosphere 
and the root apoplast (Konishi et al, 1988; Lindberg, 1990). 
Other suggested exclusion mechanisms refer to the characteristics of the plasma 
membrane of the root cells (Wagatsuma et al., 1987). Aluminium may influence the 
permeability of the plasma membrane (Zhao et al., 1987) and the differences in Al 
tolerance between two barley varieties have been explained by a different resistance of the 
plasmalemma against AI (Hecht-Buchholz and Foy, 1981). Aluminium tolerance might 
also include active efflux of Al (Zhang and Taylor, 1989) or modifications of the 
membrane structure influencing Al uptake (Haug and Shi, 1991). 
Internal detoxification. There are several potential ways to reduce the toxicity of Al 
within the symplast. For example, Al could be precipitated or complexed and detoxified 
by various chelating ligands such as carboxylic acids (Cambraia et al., 1983; 
Klimashevskii and Chernysheva, 1980; Suhayda and Haug, 1986), protein (Putterill and 
Gardner, 1988) and oxygen donor ligands (Martin, 1988). Aluminium may be entrapped 
in some insensitive organells, e.g. in the vacuoles (Taylor, 1988). Aluminium tolerance 
has also been associated with induced synthesis of Al-binding proteins (Aniol, 1984) and 
with differences in activity of calmodulin-dependent and -independent NAD kinase (Slaski, 
1989). 
Nutrient efficiency 
As nutrient deficiencies are common in acid soils, plants with a high efficiency in 
nutrient uptake and/or utilization are expected to be more tolerant to acidity (Clark, 1983; 
Marschner, 1991). The rate of nutrient uptake may be influenced by internal demand, 
water influx rate, the adsorption characteristics of roots, the root surface area, etc. 
Utilization of nutrients for dry matter production is also associated with their internal 
demand, but also influenced by internal compartmentation, distribution and interactions 
with other nutrients. 
Plant adaptation to acid soils has been related to the uptake or use of N, P, Ca, Mg, K, 
Fe, Si and Mo (Foy, 1988). For example, tolerant plants can use NH4 as N source, even 
at concentrations which may be toxic for sensitive plants. Aluminium tolerance has also 
been associated with an ability to tolerate deficiencies of P, Ca and Mg. Tolerant plants 
can take up sufficient P, Ca or Mg even when their concentrations or availabilities in soil 
or nutrient solution are low. This ability has been attributed to root-induced changes in the 
rhizosphere (Jungk and Claassen, 1986; Marschner et al., 1986). For example, root 
exudation of organic acids has been demonstrated as an adaptive response to P-starvation 
(Hoffland et al., 1989). The activity of rhizosphere microorganisms may be also involved 
in uptake of nutrients, e.g. vesicular-arbuscular mycorrhiza (VAM) enhances the 
acquisition of P (Sanders and Sheikh, 1983). In addition, nutrient uptake of acid-tolerant 
plants may be insensitive to the interference of Al- and H ions. 
The impact of nutrient efficiency on growth in a particular situation depends on whether 
or not nutrient deficiency is growth limiting. Little information is available on this point. 
As root development and nutrient uptake are interrelated (see above), their contribution 
to the acid-soil adaptation cannot be easily separated. 
Aim and outline of this research 
Sorghum is the third largest food grain crop in the world, after wheat and rice (Krantz, 
1989). Generally, sorghum is rather sensitive to acid-soil stress and to infertility problems 
(Brenes and Pearson, 1973), but great differences between various genotypes have been 
observed (Duncan, 1982; Duncan et al., 1983). As with other species, earlier studies on 
sorghum genotypes were either focused on root developmental responses to acidity 
(Furlani and Clark, 1981; Furlani et al., 1991) or on internal concentrations of nutrients 
(Clark et al, 1988; Duncan, 1987). 
The objective of this research was the identification of the acid soil constraints for 
sorghum growth under different experimental conditions. In order to get a representative 
picture, twelve genotypes differing in Al sensitivity were used. 
In chapters 2 and 3 it is shown that magnesium deficiency and impaired root 
development are two independent aspects of acid-soil stress in sorghum. Aluminium is the 
main factor in the stress syndrome as has been shown subsequently with nutrient solution 
experiments (Chapter 5). Aluminium and Mg decrease their uptake by plant roots mutually 
(Chapters 4 and 5). The independence of Al toxicity from P deficiency is illustrated with 
two sorghum genotypes differing in Al sensitivity (Chapters 6 and 7). The modification 
of Al toxicity by Ca, N form and pH is investigated separately in Chapters 8, 9 and 10. 
In Chapter 11 the contribution of Mg deficiency to Al toxicity in sorghum genotypes is 
evaluated in nutrient solution at different pH. Finally, some implications of Al-Mg 
interactions in sorghum and other crop species are elucidated in a general discussion 
(Chapter 12). 
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Abstract 
An experiment to study the effects of Mg nutrition on root and shoot development of the 
Al-sensitive sorghum (Sorghum bicolor (L.) Moench) genotype CV323 grown in pots of 
sandy loam under different acid soil stress is reported. This experiment had a factorial 
design: four rates of liming were combined with four rates of Mg fertilization. When no 
Mg was added, the pH of the soil solutions (collected in ceramic cups) increased from 4.0 
(unlimed) to 4.2, 4.7 and 5.9 at the increasing rates of liming . After 30 days of growth 
dry matter yields of the limed treatments were 40%, 115% and 199% higher than that of 
the unlimed treatment. Without liming and at the highest liming rate, adding Mg did not 
affect plant biomass significantly. At the two intermediate levels of liming, however, 11.3 
mg extra Mg per kg soil increased dry matter yield to the same level as found at the 
highest liming rate. Concentrations of Mg in the soil solutions rose after Mg was added 
and fell when lime was added, but adding both Mg and lime increased Mg concentrations 
in the plant shoots. In plants of the limed treatments, dry matter yield was correlated 
closely with the Mg concentration in the shoot. This was not so in the unlimed treatments. 
Furthermore, in the unlimed treatments root development was inhibited, but reduced Mg 
uptake by the plants resulted mainly from the direct effect of Al- (or H-) ions in the soil 
solution rather than from impaired root development. It is concluded that Mg fertilization 
counteracted the interfering effects of Al- and H ions on Mg uptake. 
Introduction 
Plant vigour is often depressed on acid soils. The stress factors responsible for this 
include high concentrations of aluminium, manganese and hydrogen ions and low 
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concentrations of calcium, magnesium and phosphorus in the soil solution (Rowell, 1988; 
Ritchie, 1989). These ionic species affect plant growth by interacting mutually in at least 
three different ways: (i) they control ion availability by influencing the chemical equilibria 
in the soil, (ii) they determine the maximum rate of ion diffusion to the root surface by 
affecting root development, and (iii) they modify the ion uptake by competing for the 
adsorption/absorption sites in the root membranes. 
Magnesium supply has been shown to be a critical factor in several acid soils. Hybrid 
grain sorghum responded to Mg fertilization by yielding more and having more Mg in the 
leaves (Gallaher et al., 1975). Liming has been found to increase Mg uptake by sorghum 
(Duncan, 1987), oats (Grimme, 1982), alfalfa and common bean (Fageria et ah, 1989). 
However, the soil and plant characteristics that depress Mg uptake and plant growth are 
poorly understood, and so are the mechanisms involved. Experiments with nutrient 
solutions have indicated that Mg uptake by plants is reduced when pH is low and Al ions 
are abundantly present (Clark, 1977; Keltjens, 1987; Keltjens and van Ulden, 1987; Tan 
and Keltjens, 1990). The effects of Al- and H ions on Mg ion uptake may also be indirect, 
by reducing root surface and consequently the maximum rate of Mg ion diffusion to the 
root surface. Grimme (1984) concluded that the degree of Al toxicity in soybean was a 
function of the severity of Mg deficiency. 
The aims of this study were to specify the soil conditions in which Mg supply may be 
critical for growth of acid-sensitive plants on acid soils and to clarify why Mg uptake is 
inhibited. A pot experiment was done with the Al-sensitive sorghum genotype CV323. A 
previous experiment we did on twelve sorghum genotypes showed that this genotype was 
the one that reduced its Mg uptake most drastically under acid soil conditions (to be 
published). Next to measuring dry matter yield and chemical composition of roots and 
shoots, we determined the composition of soil solution and total root length. 
Materials and methods 
An acid sandy loam from a forest near Arnhem, the Netherlands, was collected, air-
dried, and passed through a 5-mm sieve. The chemical and physical properties of the soil 
are: pH (H20) 4.28, pH (KCl) 3.47, CEC 3.36 cmol (+) kg"1 soil, organic matter (C) 
2.7%, extractable P (Bray method) 248 mg kg"1 soil, extractable Al (1 M KCl) 76.4 mg 
kg"1 soil; exchangeable cations (0.01 M BaCl2): 0.48 Ca, 0.19 Mg, 0.05 Mn and 0.18 K 
cmol (+) kg"1 soil. Soil texture: 43% 2-50 ^m and 5% <2 ^m. 
The original soil was limed at four levels: 0.0, 0.5, 1.0 and 2.5 g Ca(OH)2 kg"1 soil, and 
incubated for 10 days at a moisture content of 40% of saturation. After having been mixed 
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with liquid fertilizers and brought to field capacity, the soil was put into plastic pots (12 
cm diameter and 25 cm height) at a rate of 2.7 kg air-dried soil per pot and covered with 
120 g quartz sand. Per pot 7.15 mmol NH4N03, 2.65 mmol K2S04, 2.25 mg B, 2.25 mg 
Mn, 0.225 mg Zn, 0.09 mg Cu, 0.05 mg Mo and 10 mL of a Nitrapyrine solution diluted 
1000 times (nitrification inhibitor 'N-serve') were added. At each liming level four Mg 
levels were introduced by applying 0.0, 5.6, 11.3, or 22.5 mg Mg (added as MgS04) per 
kg soil. For each lime and Mg treatment there were three replications (3 pots) with plants 
and one pot without plants. Seeds of sorghum (Sorghum bicolor (L.) Moench) genotype 
CV323 were pregerminated on moist paper on glass plates. Subsequently, four germinated 
seeds were placed into the quartz sand layer on top of the soil. After 5 days the seedlings 
were thinned to two per pot. The moisture content of the soil in the pots was kept at 
around 60% of saturation by daily weighing and adding appropriate amounts of 
demineralized water. 
The experiment was done during the period November-December 1989 in a greenhouse 
at 23-25°C and 60% relative humidity. Additional light was provided for sixteen hours per 
day, at an intensity of 48 W m" . Soil solution was collected by vacuum suction in 
ceramic cups from the pots without plants two weeks after transplanting and analysed for 
pH and concentrations of AI, Mn, Ca and Mg. 
Thirty days after transplanting, all plants were harvested and partitioned into shoot and 
roots. The soil was washed off the roots with tap water and the roots were then washed 
three times with demineralized water. Root subsamples of 1 g were taken, to measure root 
length (Newman, 1966). The plants were dried at 75°C and weighed. The dried shoot and 
root samples were ground to pass a 0.5-mm sieve and digested with a mixture of sulphuric 
and salicylic acid, H202 and selenium. In the digests or in the sampled soil solutions total 
N, P, K, Ca and Mg were determined according to the methods described by Keltjens and 
van Ulden (1987), Mn by atomic absorption spectrophotometry and Al by colorimetry 
(colour reagent: Eriochrome Cyanine R. (Hill, 1966)). 
Data from the randomized factorial experiment were statistically analysed by regression 
and the analysis of variance followed by Duncan's new multiple range test (DNMRT). 
Results and discussion 
Plant development 
The dry matter production of genotype CV323 as influenced by both liming and Mg 
fertilization is shown in Table 1. When no Mg was added, liming at 0.5, 1.0 and 2.5 g 
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,-1 Ca(OH)2 kg soil caused plant biomass production to increase by 40, 115 and 199%, 
respectively, compared with the plant biomass of the unlimed pots. The dry matter 
production of the plants grown with 0.5 and 1.0 g Ca(OH)2 kg"1 soil also increased when 
Mg was added to the soil. Adding 11.3 mg Mg per kg soil increased dry matter yield to 
the same level as found at the highest liming rate. However, this effect of Mg on growth 
was not significant in pots supplied with 2.5 g Ca(OH)2 kg"1 soil and in unlimed pots. 
Root development was also affected by both Mg fertilization and liming (Table 1). 
Magnesium fertilization significantly increased the root/plant dry weight ratio in the 
treatments with 0.5 and 1.0 g Ca(OH)2 kg"1. Unlimed plants developed stubby roots with 
Table 1. Effects of Mg fertilization on dry matter production and root length of the sorghum 
genotype CV323 grown on an acid soil with different rates of Ca(OH)2 application 
Treatment 
Ca(OH)2 
(g kg 1 soil) 
0.0 
0.0 
0.0 
0.0 
0.5 
0.5 
0.5 
0.5 
1.0 
1.0 
1.0 
1.0 
2.5 
2.5 
2.5 
2.5 
Mg 
(mg kg"1 soil) 
0.0 
5.6 
11.3 
22.5 
0.0 
5.6 
11.3 
22.5 
0.0 
5.6 
11.3 
22.5 
0.0 
5.6 
11.3 
22.5 
Plant 
dry weight 
(g/pot) 
1.64ga 
l-74g 
l.°5fg 
1.77g 
2.30fg 
3.14efg 
4.45cde 
6.47ab 
3.52def 
4.99abcd 
4.81bcd 
6.45ab 
4.90abcd 
6.57a 
5.71abc 
5.82abc 
Relative 
dry weight 
(100) 
(106) 
(119) 
(108) 
(140) 
(191) 
(271) 
(395) 
(215) 
(304) 
(293) 
(393) 
(299) 
(401) 
(348) 
(355) 
(Root/plant) 
DM ratio 
0.24b 
0.30a 
0.26b 
0.24b 
O.lle 
0.14de 
0.19c 
0.19c 
0.14de 
0.17cd 
0.16cd 
0.18c 
0.16cd 
0.18c 
0.18c 
0.18c 
Specific 
root length 
(m g"1 root DM) 
85.9d 
93.3cd 
96.5cd 
96.9cd 
135.4abc 
147.6ab 
150.2ab 
122.2bcd 
133.0abcd 
144.1ab 
154.6ab 
164.0ab 
170.1a 
147.7ab 
178.8a 
138.0abc 
Root length 
per g plant 
(m g"1 DM) 
20.6cde 
28.0abc 
25.1abcd 
23.3bcde 
14.9e 
20.7cde 
28.5abc 
23.2bcd 
18.6de 
24.5bcd 
24.7abcd 
29.5ab 
27.2abc 
26.6abc 
32.2a 
24.8abcd 
a
 Within columns, data followed by the same letter are not significantly different at the 5% level 
(DNMRT). 
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characteristics similar to those of Al-damaged plants (Foy et al., 1978) and compared with 
the limed plants they had a greater proportion of roots in total dry weight. As far as root 
morphology is concerned, liming significantly increased specific root length (m g dry 
root); this has frequently been observed on sorghum plants grown in nutrient solutions 
with decreasing Al supply (Keltjens, 1987; Tan and Keltjens, 1990). 
Nutrient status and growth limitation 
The concentrations of total N, P and K in the shoot of CV323 genotype were slightly 
affected by degree of liming and, to a lesser extent, by Mg fertilization. However, these 
nutrients were generally present in a range considered as either adequate or more than 
adequate (Fig. 1). Concentrations of Ca were critical but no symptoms of Ca deficiency 
were observed in the plants. Manganese concentrations were far below the toxic level and 
no symptoms of Mn toxicity were observed. Thus, the poor growth observed in the 
unlimed treatments is probably not due to deficiency or toxicity of one of these nutrients. 
Magnesium concentrations were in the deficiency and marginal ranges, i.e. <82 and 82-
123 mmol kg" DM, respectively (Lockman, 1972) and were very critical for the sorghum 
plants (Fig. 1). During the experiment symptoms of severe Mg deficiency (interveinal 
chlorosis, uniform yellow colour with brown and purple lesions and red suffusion on the 
old leaves especially at the tips and edges 
(Grundon et al., 1987)) were observed on 
plants supplied with 0.5 g Ca(OH)2 kg"1 
soil but not fertilized with Mg. At 
increased rates of liming or Mg 
fertilization the symptoms gradually 
disappeared and the Mg concentrations in 
both the shoots and the roots of plants 
were significantly increased (Table 2). 
At the 0.5 and 1.0 g Ca(OH)2 kg"1 soil 
rates the plants responded to added Mg 
with increased dry matter yields. There 
was a close relationship between Mg 
concentrations in the shoots and dry 
matter yields of limed plants (Fig. 2). 
These observations, taken together, 
strongly indicated that the growth 
reduction observed at these two 
2143 
Fig. 1. Ranges (I) of nutrient concentrations 
measured in the shoot of sorghum CV323 
genotype grown on an acid soil supplied with 
four levels of Ca(OH)2 and MgS04, compared 
with ranges (mmol kg DM) for deficiency 
(E3), marginal (D), adequacy (• ) , and toxicity 
(O) as reported by Lockman (1972), Reuter 
(1986), Kuo and Mikkelsen (1981). 
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Table 2. Effect of Mg fertilization on the internal Mg concentration of the sorghum genotype 
CV323 grown for 30 days on an acid soil to which different amounts of Ca(OH)2 had been added 
Mg added 
(mg kg"1 soil) 
0.0 
5.6 
11.3 
22.5 
0.0 
5.6 
11.3 
22.5 
Ca(OH)2 
0 
(g kg"1 
Mg concentration 
Shoot 
55ha 
67g 
74f 
88e 
Root 
25h 
27gh 
30fgh 
37ef 
soil) 
0.5 
(mmol kg'1 DM) 
54h 
68fg 
84e 
105c 
29fgh 
35efg 
39de 
50bc 
1.0 
71fg 
83e 
94d 
114b 
47cd 
50bc 
58ab 
61a 
2.5 
98d 
107c 
116b 
128a 
44cd 
56ab 
57ab 
63a 
3
 Within shoot and root blocks, data followed by the same letter are not significantly different at the 5% 
level (DNMRT). 
plant dry matter yield (g/pot) 
7-
6 
5 -
4 -
3 
2 
deficiency 
1 J*-r-
y=-6.350+0.196x-0.001x2 
r2=0.884** 
• ' i — 
90 
—i 1 1 
110 130 50 70 
shoot Mg concentration (minol/kg DM) 
Fig. 2. Relationship between the shoot Mg 
concentration and dry matter yield of the 
sorghum genotype CV323 after 30 days of 
growth in an acid soil supplied with four 
levels of Mg and limed with 0.0 (n), 0.5 (+), 
1.0 (•) and 2.5 (o) g Ca(OH)2 kg-1 soil. 
intermediate levels of liming was caused 
by Mg deficiency. 
In plants from the unlimed treatments 
the relationship between shoot Mg and 
dry matter yield was clearly different 
from that in the limed treatments (Fig. 2). 
Again, adding Mg increased Mg uptake 
but this did not result in an increased dry 
matter yield. Apparently, when no lime 
was applied, a factor other than Mg 
supply was limiting growth. Since root 
development was severely impaired in the 
unlimed treatment (see above), it might be 
assumed that Al poisoned the plants 
directly. 
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Chemical composition of the soil solution and impaired Mg uptake 
Some properties of the soil solution collected from pots without plants are shown in 
Table 3. Without Mg fertilization, the three rates of liming increased the pH from 4.0 to 
4.2, 4.7 and 5.9, respectively. In addition, concentrations of Ca rose, whereas those of Mg, 
and especially of Al and Mn fell with increasing lime supply. The solubility of Al and Mn 
is highly pH-dependent and the fall of Mg concentration may be attributed to CEC 
increasing from 3.36 to 6.08 cmol (+) kg"1 soil as liming rate was increased from 0 to 2.5 
g Ca(OH)2 kg soil. Magnesium fertilization had little effect on the chemical composition 
of soil solution, except to increase the Mg concentration. 
The reduced uptake of Mg at a low soil pH could have been the result of impaired root 
Table 3. Chemical composition of the soil solution collected 14 days after the start of the 
experiment, as influenced by additions of Ca(OH)2 and MgS04 to the soil 
Soil treatment 
Ca(OH)2 
(g kg"1 soil) 
0.0 
0.0 
0.0 
0.0 
0.5 
0.5 
0.5 
0.5 
1.0 
1.0 
1.0 
1.0 
2.5 
2.5 
2.5 
2.5 
Mg 
(mg kg"1 soil) 
0.0 
5.6 
11.3 
22.5 
0.0 
5.6 
11.3 
22.5 
0.0 
5.6 
11.3 
22.5 
0.0 
5.6 
11.3 
22.5 
Soil solution 
pH 
3.98 
3.90 
3.90 
3.94 
4.20 
4.27 
4.19 
4.24 
4.67 
4.70 
4.66 
4.68 
5.89 
5.96 
6.06 
6.00 
Elements 
Al 
3.59 
3.70 
3.73 
2.86 
1.30 
1.07 
1.62 
1.27 
0.47 
0.52 
0.54 
0.61 
0.25 
0.22 
0.21 
0.25 
(mg L 1 ) 
Mn 
15.47 
16.27 
16.36 
11.84 
7.84 
5.66 
9.95 
7.39 
0.49 
0.37 
0.49 
0.60 
0.05 
0.05 
0.07 
0.07 
Ca 
164 
171 
168 
122 
225 
189 
267 
210 
269 
269 
267 
318 
300 
311 
274 
360 
Mg 
29 
35 
39 
37 
17 
18 
30 
32 
14 
15 
22 
33 
10 
13 
13 
22 
21 
development: at high densities of nutrient flux the transport of ions towards the root 
surface by means of mass flow and diffusion might be limited by insufficient root surface 
(Nye and Tinker, 1977). However, the reduction in root length per g plant was small. For 
the unlimed soil, root length per g plant (average of the four Mg levels) was only 14% 
less than that at the highest level of liming, as can be calculated from Table 1. The 
impaired root development should have been overcompensated for by the high 
concentration of soluble Mg in the unlimed treatment (Table 3). The strong inhibition of 
Mg uptake at the lower pH values (Fig. 3) must therefore most probably be attributed to 
the presence of interfering ions, such as H, Al or Mn ions. The concentrations of Al- and 
Mn ions were well correlated with the concentration of H ion in the soil solution (both 
n=0.98). Therefore, actually inhibiting ion species were difficult to identify. 
Hydrogen ions have long been known to decrease Mg uptake of plants. For example, 
Thawornwong and van Diest (1974) reported that Mg uptake decreased in rice roots at low 
pH, and Islam et al. (1980) reported that Mg uptake by six plant species from flowing 
nutrient solution was drastically inhibited when the pH changed from 5.5 to 4.0. 
It is unlikely, however, that the inhibited Mg uptake observed in the unlimed treatments 
of our experiment can be totally attributed to increased H-ion concentration in the soil 
solution. In an experiment with nutrient solution at pH 4.2 we observed that Mn (15 mg 
L" ) depressed Mg concentration in genotype CV323 by only 21% but that Al (0.4 m g L ) 
depressed it by 51% (unpublished). Compared with values measured in the soil solution 
of the unlimed soil in the present 
plant Mg uptake (mmol/kg DM) 
120 n 
100 
80 
60-
40 'I I I 
20 
i i—r-
30 10  40 
initial Mg concentration in soil solution (mg/L) 
Fig. 3. Effect of initial Mg concentration in 
the soil solution (as measured in pot with no 
plant) on Mg uptake by sorghum genotype 
CV323 grown on an acid soil supplied with 
different amounts of Ca(OH)2 (g kg"1 soil: 0.0 
(o), 0.5 (+), 1.0 (•) and 2.5 (o)). 
experiment, the Mn concentration was 
similar but the Al was only about one-
ninth. Therefore, Al ions may have 
contributed to the inhibition of Mg 
uptake, and the effect of Mn was 
probably negligible. Recently, Rengel and 
Robinson (1989) reported that Mg uptake 
by Lolium multiflorum was competitively 
inhibited by Al ions. Increased Mg 
concentration in the soil solution by Mg 
fertilization could counteract the 
competition of Al for Mg uptake sites on 
root membranes, thereby increasing Mg 
uptake. 
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Acid soil damage in sorghum genotypes: 
Role of magnesium deficiency and root 
impairment 
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Abstract 
The effects of liming and Mg fertilization on growth, specific root length (root length 
per unit of root dry weight; SRL) and nutrient uptake of twelve sorghum genotypes 
(Sorghum bicolor (L.) Moench) were studied in two pot experiments. Liming increased 
the pH of the sandy loam from pH 4.3 (unlimed) to 4.7 (with 0.5 g Ca(OH)2 kg"1 soil) 
and to 6.1 (with 2.5 g Ca(OH)2 kg"1 soil). Liming increased the dry matter yield of the 
genotypes by factors of 1.2 to 6.0 (between pH 4.3 and 4.7) and by 1.1 to 2.4 (between 
pH 4.7 and 6.1). In absence of Mg at soil pH of 4.3 and 4.7, all genotypes suffered from 
Mg deficiency, as indicated by low Mg concentrations in the shoots (26-94 mmol Mg kg" 
DM) and visible Mg deficiency symptoms. At pH 4.7 several of the genotypes responded 
to Mg application and produced significantly more dry matter. At pH 4.3, however, none 
of the genotypes responded to Mg, even though the internal Mg concentrations were 
increased by applied Mg. The relative increase in dry matter yield between pH 4.3 and 4.7 
was closely correlated to the relative change in specific root length in the same soil pH 
interval, especially when the soil was fertilized with Mg (r =0.91 ). The group of 
genotypes where SRL and dry matter yield were reduced by soil acidity was not the same 
as the group that responded positively to Mg application at pH 4.7. 
It is concluded that the growth of sorghum genotypes on acid soils is determined by two 
independent characteristics: the sensitivity of root development to soil acidity and the 
efficiency of the uptake and utilization of Mg. The first characteristic is predominant at 
high soil acidity whilst the latter is dominant at moderate soil acidity. 
Introduction 
Sorghum {Sorghum bicolor (L.) Moench) genotypes differ considerably in their tolerance 
to acid soil (Duncan, 1988). The dry weight and visual scores of sorghum genotypes 
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grown in a greenhouse were found to be closely related to the grain yield of sorghum 
obtained in the field (Baligar et al., 1989). Aluminium toxicity is a major growth limiting 
factor for plants in many soils with a pH below 5.0 (Foy, 1974). The response of sorghum 
genotypes to Al in nutrient solution is similar to their response to acid soil (Duncan et al., 
1983). To select acid soil-tolerant sorghum genotypes quickly and easily, a technique for 
screening sorghum genotypes for tolerance to Al in nutrient solution has been developed 
(Furlani and Clark, 1981). However, a more detailed knowledge of the actual physiological 
processes inhibited by Al is indispensable for an optimal harmonization of the selected 
genotypes with agricultural measures such as liming and fertilization. 
One negative effect of Al on plants is the impairment of root growth. Sensitive plants 
form stubby and brittle roots (Foy et al., 1978). Therefore, root length (seminal or primary 
root) has frequently been used as one of the criteria to evaluate Al toxicity or Al tolerance 
in sorghum (Furlani and Clark, 1981; Hill et al, 1989; Ritchey et al, 1989), rice (Coronel 
et al, 1990), maize (Rhue and Grogan, 1976), and wheat (Moore et al., 1976). Root length 
(or relative root length) of sorghum genotypes is related to dry matter yield and the visual 
rating of stress (Duncan et al, 1983) and in rice cultivars grown in acid soils correlated 
with grain yield (Howeler and Cadavid, 1976). This index provides an easy means of 
comparing root development of genotypes within a single experiment. The use of 'specific 
root length' (root length per unit of root dry weight; SRL) is preferred for characterization 
of root morphology (Keltjens, 1987; Tan and Keltjens, 1990). 
Aluminium interferes with the uptake, transport, and use of water and several nutrients 
by plants, by either damaging the root or by exerting antagonistic effects on nutrient 
absorption. It has been reported that mechanisms involving Ca, Mg, and K may be 
important links in the overall acid soil tolerance mechanism of sorghum (Duncan, 1987). 
A reduced nutrient uptake may partly be due to an impaired root development. Special 
attention has been given to Mg uptake mainly because its uptake can be drastically 
reduced by AI (Rengel and Robinson, 1989; 1990). It has been demonstrated that Al 
induces or aggravates Mg deficiency in soybean (Grimme, 1984). Magnesium fertilization 
has increased grain yields in hybrid grain sorghum grown on an acid soil with a pH of 
about 4.3 to 4.7 (Gallaher et al, 1975). 
In our earlier studies the acid soil-sensitive sorghum genotype CV323 showed reduced 
Mg uptake from acid soil due to the presence of Al (and possibly H) ions in the soil 
solution. At moderate soil solution acidity (pH 4.2-4.7), Mg deficiency limits growth 
whereas at a soil solution pH of 4.0 direct Al toxicity probably limits the growth of plants 
to a greater extent than would be expected on the basis of the internal Mg concentration 
(Tan et al., 1991). 
The aim of the present experiment was to determine the contribution of impaired root 
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growth and Mg deficiency to the damage caused by acid soil to several sorghum 
genotypes. This was done by comparing their growth response to liming with their 
response to Mg application. 
Materials and methods 
An acid sandy loam collected from a forest near Arnhem was air-dried and passed 
through a 5-mm sieve. In a first experiment, half of the pots were limed with 0.5 g 
Ca(OH)2 kg" soil, which increased the pH (1:2.5 soil-water ratio) from 4.3 (unlimed soil) 
to 4.7. The soil properties have been given in an earlier paper (Tan et al, 1991); however 
the soil pH values were consistently higher than those measured previously in suctioned-
off soil solutions. The unlimed or limed soil was allowed to equilibrate for 10 days at a 
moisture content of 40% of saturation level. Before being put into plastic pots (2.7 kg air-
dry soil and 120 g quartz sand as a top layer per pot), the soil was mixed with a solution 
containing various fertilizers (NH4N03, K2S04 and micro elements). MgS04 (22.5 mg Mg 
kg"1 soil) was added to half the pots (+Mg treatment). 
An additional experiment with the same soil and with two liming treatments (0.5 and 2.5 
g Ca(OH)2 kg" soil) without Mg fertilization was carried out as above. The soil pH (H20) 
increased to 4.7 and 6.1, respectively. 
Seeds of twelve sorghum {Sorghum bicoJor (L.) Moench) genotypes with different 
sensitivities to acid soil, donated by the Georgia Experiment Station, USA, were used. 
All seeds had germinated and were transferred into the quartz sand layer in the pots. For 
each combination of genotype and soil treatment, there were two replicate pots (with two 
plants each) in the first experiment and three replicates in the second experiment. 
The experiments were carried out in a greenhouse at 23-25°C and 60% relative humidity. 
The plants received direct daylight and were supplementally illuminated for 16-h per day 
at an intensity of 50 W m . Moisture in the soil was kept at about 60% of the saturation 
level by daily addition of appropriate amounts of demineralized water. Thirty days after 
transfer of the germinated seeds, the plants were harvested for the measurement of root 
length, dry matter yield and chemical composition. The methods and the amounts of N, 
K and micro elements added to the soil were the same as described before (Tan et ah, 
1991). 
The experiments were conducted between November 1989 and February 1990. Data from 
the randomized factorial experiments were statistically analysed by regression analysis and 
an analysis of variance followed by Duncan's New Multiple Range Test (DNMRT). 
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Results and discussion 
Biomass response to liming and Mg fertilization 
Growth of the sorghum genotypes was affected by both liming and Mg application; 
moreover, there was a strong interaction between these factors. Liming with 0.5 g 
Ca(OH)2 kg soil increased the pH of the soil from 4.3 (unlimed) to 4.7 and the dry 
matter yields of the individual genotypes (after 30 days of growth) by factors ranging from 
1.2 to 6.0 (Table 1). The genotypes were divided into acid-tolerant and acid-sensitive 
groups according to their biomass response (BR) to liming (Fig. 1). The biomass response 
to liming in the Mg-fertilized soil was significant not only for the acid-sensitive genotypes 
but also for the acid-tolerant ones. This indicates that the benefit of liming is increased 
when there is an adequate supply of Mg. 
None of the genotypes responded significantly to Mg application at a soil pH of 4.3 but 
at pH 4.7 several genotypes responded positively to Mg. If the growth of the genotypes 
Table 1. Biomass response (BR) to low level liming (0.5 g Ca(OH)2/kg soil) without (-) or with 
(+) Mg application, and to Mg application in unlimed (pH 4.3) or limed (pH 4.7) soil 
Gen 
Nr. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
atype 
Name 
SC0283 
SC574 
GP140 
B68 
SC689 
SC599 
BOK11 
CV323 
SC333 
RTx434 
TAM428 
NB9040 
BR to liming3 
-Mg 
1.36 
1.40 
1.19 
1.30 
2.92 ** 
3.55 ** 
2.66 * 
2.18 
3.68 ** 
3.29 ** 
3.04 ** 
4.29 ** 
+Mg 
1.84 
1.40 
1.86 
1.61 
2.52 
4.05 
4.14 
4.82 
2.92 
5.97 
5.12 
2.23 
** 
* 
** 
** 
## 
** 
*# 
*# 
#* 
** 
** 
* 
BR to Mgb 
pH4.3 
1.19 
1.60 
1.39 
0.97 
1.52 
0.91 
1.09 
1.16 
1.41 
0.75 
0.90 
1.42 
pH4.7 
1.61 ** 
1.60 * 
2.17 ** 
1.21 
1.31 * 
1.04 
1.70 * 
2.57 * 
1.12 
1.35 
1.52* 
0.73 
a
 BR to liming = (Biomass at pH 4.7/Biomass at pH 4.3); * and ** mean that differences in biomass 
between the two liming treatments (or between the two Mg treatments with respect to BR to Mg) are 
significant at the 5% and the 1% level (DNMRT), respectively. 
BR to Mg = (Biomass at +Mg/Biomass at -Mg). 
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on acid soil would have been exclusively 
limited by Mg deficiency, then the acid-
sensitive genotypes should have 
responded best to the addition of Mg. In 
fact, there was no relationship between 
liming and Mg responses of individual 
genotypes (Fig. 1). Three acid-tolerant 
genotypes 1, 2 and 3 (Group II) 
responded significantly to Mg, but one 
genotype 4 (Group I) did not (Fig. 1). 
Similarly, four acid-sensitive genotypes 7, 
8, 11 (Group III) and genotype 5 showed 
a significant response to Mg, but the other 
acid-sensitive genotypes 6, 9, 10 and 12 
did not. Therefore, the biomass response 
to liming is a characteristic of the 
genotypes and is independent of their Mg 
status. 
Changing soil pH from 4.7 to 6.1 by 
heavier liming (2.0 g Ca(OH)2 kg"1 soil) 
biomass response to liming in the Mg-fertilized soil 
6 -
0.4 0.8 1.2 1.6 2.0 2.4 2.8 
biomass response to Mg fertilization in the limed soil 
Fig. 1. Biomass response (BR) to liming 
(ratio of pH 4.7/pH 4.3 data) in Mg-fertilized 
soil and to Mg application (ratio of +Mg/-Mg 
data) in limed soil. Numbers of sorghum 
genotypes are shown in the figure. BR to 
liming >2: acid-sensitive group (III and IV); 
<2: acid-tolerant group (I and II). BR to Mg 
application >1.5: high Mg responders (Group 
II and III); <1.5: low Mg responders (Group 
I and IV). 
led to only a minor increase (by factors between 1.1 and 2.4) in the dry matter yield of 
the genotypes (Table 2). This suggests that the pH range between 4.3 and 4.7 is critical 
in acid soil stress. At a soil pH of 6.1 most genotypes except Nr. 8 did not show great 
difference in biomass. 
Growth-limiting factors 
As found before with the susceptible genotype 8 (Tan et al., 1991), the present 
experiment showed that the root development of acid-sensitive genotypes was impaired 
in unlimed soil. There was no indication of a limitation of other nutrients (either 
deficiency of N, P and K or toxicity of Mn), except for Mg and possibly Ca, in all twelve 
genotypes. Multiple regression analysis showed that the biomass of the genotypes grown 
on soil of pH 4.3 without Mg application was significantly related to the concentration of 
Mg in the shoot but, to a greater extent, to the specific root length (SRL; Table 3). There 
was, however, no significant biomass response to Mg application. Thus, at this soil pH 
(4.3) the negative effect of root impairment on growth apparently predominates over the 
effect of Mg deficiency. However, there was no significant correlation between biomass 
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Table 2. Biomass of the twelve sorghum genotypes grown for 30 days on an acid soil with liming 
at two levels, resulting in pH levels of 4.7 and 6.1, and without Mg application. On the same line, 
data followed by the same letter are not significantly different at the 5% level (DNMRT) 
Genotype 
Nr. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
Name 
SC0283 
SC574 
GP140 
B68 
SC689 
SC599 
BOK11 
CV323 
SC333 
RTx434 
TAM428 
NB9040 
Biomass 
pH4.7 
13.38a 
8.86b 
7.62b 
12.51b 
12.00b 
9.31b 
8.43b 
3.20b 
10.59a 
5.99b 
7.37b 
5.27b 
(g DM/2 plants) 
pH6.1 
14.26a 
12.67a 
12.16a 
13.81a 
15.88a 
13.19a 
10.63a 
6.37a 
12.01a 
12.13a 
13.83a 
12.70a 
Biomass response 
to liming 
1.07 
1.43 
1.60 
1.10 
1.32 
1.42 
1.26 
1.99 
1.13 
2.03 
1.88 
2.41 
Table 3. Coefficients (r; between parentheses the significance levels) of multiple regression of 
biomass on specific root length (SRL) and shoot Mg concentration of the twelve sorghum 
genotypes grown on an acid soil with or without liming and Mg application 
Independent 
variable 
Constant 
SRL 
Mg cone. 
Model r2 
Biomass as dependen 
Soil pH 4.3 
-Mg 
-2.197 (0.110) 
0.023 (0.002) 
0.078 (0.040) 
0.770 (0.001) 
t variable 
+Mg 
-1.468 (0.165) 
0.042 (0.000) 
0.017 (0.204) 
0.920 (0.000) 
Soil pH 4.7 
-Mg 
-0.551 (0.765) 
-0.004 (0.786) 
0.104 (0.001) 
0.763 (0.002) 
+Mg 
0.225 (0.934) 
0.002 (0.891) 
0.058 (0.019) 
0.516 (0.038) 
and internal Ca concentration of genotypes grown at each pH of the soil. This implies that 
Ca limitation was unlikely and liming exerted a beneficial effect on growth of sorghum 
mainly via increasing soil pH and changing all pH-dependent soil parameters. 
At pH 4.7, however, root development was not a limiting factor, and Mg nutrition was 
the major restriction on biomass production. This is consistent with the positive response 
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of plants to Mg application at this pH (see above). The relationship between biomass and 
Mg concentration was weaker with Mg application than without Mg application, but it was 
still significant. Probably Mg concentrations and biomass had not yet reached their optimal 
level in some genotypes. At the high pH (6.1), the correlations between biomass and the 
SRL and between biomass and the concentrations of Mg were not significant (data not 
shown). Increased shoot Mg concentrations ranged from 88 to 115 mmol Mg kg dry 
matter (above deficiency level; Reuter, 1986) and an absence of visible symptoms of Mg 
deficiency suggests that Mg might not limit the growth of genotypes at pH 6.1 (Tan et al., 
1991). 
Root development 
At a soil pH of 4.3, all acid-sensitive genotypes except genotype 5, showed typical Al-
induced root damage, i.e. roots having a characteristic stubby appearance with a small 
specific root length (SRL). When Mg had not been added to the soil, liming at the low 
level significantly increased the SRL of these genotypes by 64 to 337%, whereas the effect 
of liming on the SRL of acid-tolerant genotypes was not significant (Table 4). 
Table 4. Specific root length of the sorghum genotypes grown on an acid soil with different lime 
(unlimed: pH 4.3 and limed: pH 4.7) or Mg (without (-) and with (+)) treatments. On the same 
line, data followed by the same letter are not significantly different at the 5% level (DNMRT) 
Genotyp 
Nr. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
e 
Name 
SC0283 
SC574 
GP140 
B68 
SC689 
SC599 
BOKll 
CV323 
SC333 
RTx434 
TAM428 
NB9040 
Specific 
pH4.3 
-Mg 
140a 
130bc 
147b 
138ab 
122a 
66b 
50b 
44b 
46b 
30b 
30b 
49b 
root length (m/g root DM) 
+Mg 
120a 
117c 
127b 
130ab 
110a 
52b 
51b 
46b 
55b 
30b 
33b 
57b 
pH4.7 
-Mg 
136a 
161ab 
109b 
120b 
128a 
126a 
135a 
72b 
100a 
131a 
96a 
98a 
+Mg 
145a 
182a 
186a 
166a 
119a 
141a 
139a 
128a 
109a 
116a 
108a 
73ab 
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The relative increases in SRL and dry 
matter yield as a result of a low level of 
liming (increasing pH from 4.3 to 4.7) 
were significantly correlated for the 
genotypes when Mg has not been applied 
(slope=0.58; r2=0.35*). This correlation 
was even better with Mg application (Fig. 
2). Thus, at pH 4.3 the degree of root 
impairment closely reflected the growth 
reduction of the genotypes, especially 
when Mg deficiency was minimized by 
the increased supply of Mg. The addition 
of Mg hardly improved root development 
(Table 4). 
Magnesium status of plants 
biomass response to liming 
6 
0 1 2 3 4 5 
response of specific root length to liming 
Fig. 2. Relationship between responses (i.e. 
ratio of pH 4.7/pH 4.3 data) of biomass and 
specific root length of twelve sorghum 
genotypes (nos. in figure) to liming in Mg-
fertilized soil. 
Without Mg application, all genotypes showed symptoms of Mg deficiency when grown 
on soils of pH 4.3 and 4.7 during the period from about 2 weeks after planting until 
harvest time. This was confirmed by the low concentrations (26-94 mmol Mg kg"1 DM) 
of Mg in the shoots (Table 5). Liming and Mg application reduced the symptoms of Mg 
deficiency in all genotypes; the effect of applied Mg was more pronounced at pH 4.7. 
These observations were consistent with changes in the internal Mg concentrations in the 
shoots. Thus, both liming and Mg application improved the Mg status of the genotypes. 
There were differences in the efficiency of uptake and use of Mg between the genotypes 
(Fig. 3). For example, the Mg concentration in the shoot of genotype 4 grown without Mg 
application was similar to that in the shoot of genotype 8 grown on Mg-fertilized soil. At 
the same time, genotype 4 produced more biomass with this concentration of Mg in the 
shoot than genotype 8. Thus, the uptake and utilization of Mg was more efficient in 
genotype 4 than in genotype 8. Differences between uptake and utilization of Mg are 
relevant for the biomass production of the genotypes (Table 3); most genotypes tested 
responded positively to Mg application with both higher internal Mg concentration and 
biomass. Moreover, after increasing soil pH from 4.7 to 6.1 the relative increases in 
biomass and shoot Mg concentration were closely related (r2=0.76**) and the same was 
true for the changes induced by Mg application at pH 4.7 (r2=0.57**). These results 
indicate that Mg deficiency is an important growth-limiting factor in soil of moderately 
low pH (4.7). 
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Table 5. Concentration of Mg in the shoots of sorghum genotypes grown on acid soil with 
different treatments of lime (unlimed: pH 4.3 and limed: pH 4.7) and Mg (without (-) and with 
(+)). On the same line, data followed by the same letter are not significantly different at the 5% 
level (DNMRT) 
Genotype Mg concentration in the shoots (mmol/kg DM) 
Nr. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
Name 
SC0283 
SC574 
GP140 
B68 
SC689 
SC599 
BOK11 
CV323 
SC333 
RTx434 
TAM428 
NB9040 
pH4.3 
-Mg 
44d 
30d 
29c 
54c 
43c 
41d 
26c 
35c 
40d 
31c 
42c 
39c 
+Mg 
114b 
88b 
90b 
94b 
73b 
94b 
59b 
69b 
107b 
72b 
86b 
86b 
pH4.7 
-Mg 
81c 
59c 
45c 
94b 
72b 
66c 
59b 
42c 
83c 
58b 
53c 
74b 
+Mg 
150a 
124a 
125a 
183a 
122a 
122a 
129a 
96a 
139a 
129a 
127a 
109a 
biomass (g DM/pot) 
12 
- i — i — i — i — i — i — i — i — i — i — i — i — i — i — i — i — i — r -
40 80 120 160 200 
Mg concentration in the shoot (mmol/kg DM) 
Fig. 3. Effect of shoot Mg concentration on 
the biomass of twelve sorghum genotypes 
(nos. in figure) grown on limed soil of pH 4.7 
with (D) and without (o) Mg application. 
At pH 4.7 the biomass responses to Mg 
application (Table 1) and to liming 
(increasing pH from 4.7 to 6.1; Table 2) 
were not significantly correlated among 
genotypes. Liming and Mg application 
affected Mg uptake of individual 
genotypes to a variable degree. Therefore, 
uptake and use of Mg by different 
sorghum genotypes grown under various 
soil conditions needs further study. 
To conclude, the results indicate that at 
high soil acidity (pH 4.3) root impairment 
is the most important factor limiting 
growth. At moderate soil acidity (pH 4.7), 
root development no longer limits dry 
matter yield, and Mg deficiency is 
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responsible for reduced growth of many of the sorghum genotypes. The sensitivity of 
genotypes to root impairment is independent of their sensitivity to Mg deficiency. 
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Abstract 
Biomass and root morphology of the aluminium-tolerant sorghum {Sorghum bicolor (L.) 
Moench) genotype SC0283 were much less affected by Al in nutrient solution than those 
of the Al-sensitive genotype TAM428. Both genotypes accumulated most Al in the roots. 
Accumulation of Al increased with increasing Al supply and was greater in TAM than in 
SC. However, major part (over 60%) of the root Al was removable with 0.05 M H 2S0 4 . 
Adsorption/precipitation of phosphorus in/on roots also increased with increased Al levels 
in the culture solution. Aluminium greatly suppressed Mg uptake by both genotypes and 
enhanced root proton efflux density. This H-ion efflux density of TAM without Al stress 
was even greater than that of SC at high Al. In both genotypes the concentrations of major 
P fractions were either not affected or even increased by Al. Results suggested that the 
severe depression in growth of TAM under Al stress may be attributed to the profound 
inhibition of root development due to high accumulation of Al. 
Introduction 
Plants grown in acid soils often suffer from Al toxicity. An obvious symptom of Al 
injury is inhibition of root development. The phytotoxicity of Al is related to its 
interference with cell division, cell elongation and the uptake of nutrients and water. That 
Al induces phosphorus deficiency through P fixation by Al in both soil and roots has been 
suggested (Foy et al., 1978). However, limited information has been given on the overall 
status of major P fractions within plants grown under Al stress. 
Plant species and varieties vary greatly in Al tolerance. Mechanism for Al tolerance has 
been studied in two aspects: the exclusion or detoxification of Al. It has been 
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demonstrated that plant-induced pH changes in rhizosphere, which alters the activity of 
Al, could be related to Al susceptibility (Foy, 1988; Taylor, 1988). Study on Al 
distribution in plant's roots would help understanding the mechanism. 
Different responses to acid soils among sorghum genotypes have been well documented 
(Duncan, 1988). Relative seminal root length has been used to measure Al susceptibility 
(Furlani and Clark, 1981). Difference in proton efflux by roots of Al-tolerant and 
-sensitive sorghum genotypes under Al stress has been reported in consideration of root 
surface area (Keltjens, 1987). Little has been known about distribution of Al and P 
metabolism in the Al-stressed sorghum plants. 
This paper aimed at studying (1) Al distribution in the Al-tolerant and -sensitive sorghum 
genotypes and their reaction to Al toxicity with respect to biomass and root morphology; 
(2) phosphorus assimilation and the association of nutrient uptake and H-ion efflux under 
Al stress. 
Materials and methods 
The experiment was carried out in a growth chamber at a temperature of 25°C, relative 
air humidity of 75% and with a day length of 16 hours at a light intensity of 155 W m . 
Seedlings of two sorghum (Sorghum bicolor (L.) Moench) genotypes, SC0283 (Al-
tolerant) and TAM428 (Al-sensitive), were grown in moist quartz sand for 7 days and then 
transferred to 50-L plastic containers (30 seedlings of a genotype per container) filled with 
aerated nutrient solutions (N source: NH4N03) differing in Al levels, being 0, 0.4, 0.8 and 
1.2 mg Al L added as A1C13. The solutions were replaced once a week and maintained 
at pH 4.2 by daily titration with 0.2 M NaOH (or H2S04), the amount of which was 
recorded as net H-ion (or OH-ion) efflux. The culture solutions were sampled three times 
a week for NH4, N03, P, K and Al analyses and the results were used for adjustment and 
NH4/N03 uptake calculation. 
After 35 days all plants were harvested. Plants of each container were divided into 10 
subsamples of 3 plants each. For analysis of the various P fractions (Chapin and Bieleski, 
1982) 10-g fresh matter was taken out from shoot and roots of 3 subsamples and treated 
with liquid N2- Three other subsamples were used for root length and root volume 
measurement. Another 3 subsamples of 20-g fresh root each were submerged for 15 
minutes in 400-ml 0.05 M H2S04. Subsequently, concentrations of Al and P in the 
desorption solutions were analysed. 
The culture solution composition, plant sample treatments and analytic methods have 
been reported by Keltjens (1987). 
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Results and discussion 
Plant growth and root morphology 
Growth of the sorghum genotype TAM428 was severely depressed by Al in solution 
(Table 1). Compared to control (without Al) its dry matter yield at the lowest Al level (0.4 
mg L"1) was almost halved and even less at higher Al levels. The biomass of the genotype 
SC0283 was not affected at low Al supply and only slightly reduced at higher Al. Thus 
in this study it was confirmed that the two genotypes, being standard "checks" in studies 
on the response of sorghum to acid soil stress (Duncan, 1988), differed greatly in Al-
susceptibility. 
Root morphology of both genotypes was greatly influenced by Al. Al-stressed plants 
developed stubby, brittle and brown colored roots with reduced surface area, which was 
in agreement with earlier results (Grundon et al., 1987; Keltjens, 1987). The effects were 
more severe with increasing Al supply and usually more profound in TAM than in SC 
(Table 1). 
Aluminium distribution 
Concentrations of Al in shoots of both genotypes were very low, being 0.23-0.30 mmol 
kg"1 d.m. for SC and 0.34-0.38 for TAM with Al treatments, which indicated that the 
upward translocation of Al was rather weak and similar in the two genotypes. On the 
Table 1. Effects of Al on biomass and root morphology of the two sorghum genotypes SC and 
TAM grown in solutions for 35 days 
Al 
(mg L1) 
0 
0.4 
0.8 
1.2 
Dry matter 
(g plant"1) 
SC 
13.9 
13.7 
11.4 
9.6 
yield3 
TAM 
12.3 
6.9 
4.2 
3.3 
Root morphological 
Specific 
(m g"1 d 
SC 
225a 
179b 
156c 
147c 
length 
.m.) 
TAM 
133c 
99d 
72e 
67e 
characteristics 
Average 
(mm) 
SC 
0.31a 
0.34ab 
0.36bc 
0.38bc 
diameter 
TAM 
0.39c 
0.49d 
0.57e 
0.56e 
Specific 
(m2 kg 1 
SC 
216a 
193b 
176c 
174c 
surface area 
d.m.) 
TAM 
161cd 
152d 
128e 
117e 
a
 Mean of the dry matter yields of 30 plants in a container. 
Within item blocks, values followed by the same letter are not significantly different at the 5% level 
according to the Duncan's new multiple range test (DNMRT). 
43 
AI (mmol kg"1 d.m.) 
1501 
100 
50 
0 J 
P (mmol kg d.m.) 
TAM 1-250 
•200 
150 
100 0.4 0.8 1.2 
Al level in solutions (mg L ) 
Fig. 1. Acid removable Al ( • ) and P (D) from 
roots of SC and TAM genotypes. Total length 
of the left column represents root total Al. 
contrary, Al was located in roots in large 
amounts (Fig. 1). Most of the Al (over 
60%) could easily be removed by 0.05 M 
H 2S0 4 , which suggests that Al mainly 
exists on the outer surface of the roots or 
in its cortical free space. The 
accumulation of Al in/on roots of both 
genotypes increased with increasing Al 
addition and was much greater for TAM 
than for SC at a same Al level. The Al in 
roots might cross-link pectins (Foy et al, 
1978) or coagulate pectic acid in the wall 
of young cells (Rorison, 1958), thus 
inhibiting cell elongation. The greater 
accumulation of Al in/on TAM's roots might account for its worse development. 
In addition, the concentration of extractable phosphate in/on roots increased with 
increasing Al level and tended to correspond with that of desorbed Al. The molar ratio of 
extractabe Al and Al-increased extractable P reached values of 1.1 and 0.8 at 1.2 mg Al 
L for TAM and SC, respectively. This implicates a possibility of adsorption/precipitation 
of Al and P in/on the roots as indicated by Clarkson (1966). 
Nutrient uptake and proton efflux 
In concordance with prior experiments (Keltjens, 1987; Keltjens and van Ulden, 1987), 
results of plant analyses showed that Al significantly decreased Mg uptake by both 
genotypes and Ca uptake by SC (Table 2). The Mg concentrations in shoot of TAM grown 
in the presence of Al and those of SC at high Al levels (0.8 and 1.2 mg L"1) were below 
the critical level, i.e. 0.18% (Chapman, 1966). However, generally there was no obvious 
effect of Al on N and K absorption by both genotypes. With TAM aluminium significantly 
increased P uptake. Therefore, with respect to nutrient uptake, Al could only induce Mg 
deficiency. Under a condition of low Al stress, differences in growth response between 
the two sorghum lines may partly be explained by Mg deficiency in TAM rather than SC. 
At higher Al levels this explanation would no longer be valid. Al-reduced Ca uptake 
seems unable to explain their variation in Al-susceptibility. 
In terms of nutrient uptake pattern both genotypes showed excess cation (NH4+K+Ca+ 
Mg+Na) over anion (N03+H2P04+S04+C1) absorption, which was enhanced as Al level 
increased. The plants consequently released protons from their roots to the solutions in 
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Table 2. Plant's nutrient concentrations and root proton efflux 
Al 
(mg L1) 
0 
0.4 
0.8 
1.2 
0 
0.4 
0.8 
1.2 
Nutrient concentration (mmolc kg 
N 
Al-tolerant 
2410ab 
2398ab 
2352b 
2356b 
AI-sensitive 
2536a 
2454ab 
2416ab 
2433ab 
P 
sorghum 
399ab 
392abc 
385abcd 
366d 
sorghum 
342e 
373cd 
405a 
376bcd 
K 
d.m.)a 
Ca 
genotype SC0283 
1174a 
1226a 
1245a 
1205a 
248a 
192d 
174e 
176e 
genotype TAM428 
1188a 
1238a 
1239a 
1183a 
216c 
228bc 
240a 
222c 
Mg 
174a 
134c 
102de 
92f 
150b 
106d 
106d 
98ef 
Ca-Aab 
574 (7.97) 
720 (9.86) 
628 (7.17) 
732 (7.05) 
698 (8.62) 
825 (5.66) 
882 (3.67) 
862 (2.81) 
H-ion flux 
(mmol/plant)c 
8.85 (0.74) 
10.48 (0.93) 
9.02 (1.10) 
8.21 (1.04) 
9.19 (1.16) 
6.47 (1.15) 
4.43 (1.35) 
3.74 (1.58) 
a
 Within columns, values followed by the same letter are not significantly different at the 5% level 
(DNMRT). 
b
 Excess cation (NH4+K+Ca+Mg+Na) over anion (N03+H2P04+S04+C1) uptake; between brackets: mmolc 
plant"1. 
c
 Betw 
surface.d"1) 
een brackets: root H-ion efflux density measured in the last week before harvest (mmolc m 
correspondence with the excess cation uptake. In agreement with earlier work (Keltjens, 
1987) the root H-ion efflux density measured during the last week before harvest was 
enhanced with increasing Al supply as a result of enhanced excess cation uptake and the 
root morphological changes as mentioned above. The H-ion flux density of TAM was 
even greater in the absence of Al than that of SC at the highest Al level (Table 2). This 
could be an explanation for the Al tolerance of SC in the field (soil) where a rhizosphere 
can be developed. 
Phosphorus assimilation 
With sufficient supply phosphorus in the plants mostly remained in inorganic form which 
made up over 70% of total P. The proportion of P in inorganic phosphate, nucleic acids, 
phospholipids and phosphate esters decreased successively. In the absence of Al, 
concentrations of nucleic acid-P and lipid-P in TAM's roots were 37 and 46% higher than 
those in SC's roots, respectively, while ester-P concentration was 32% lower in TAM's 
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roots. Aluminium did not affect the P 
conversion greatly. Under Al stress there 
was only a tendency of increasing ester-P 
in TAM's shoot and both lipid-P and 
nucleic acid-P in SC's roots (Fig. 2). 
Therefore, under conditions of sufficient 
P supply, upward translocation and 
assimilation of P in both genotypes were 
either not affected or even promoted by 
Al. The minor effect of Al on nutrient 
absorption except for Mg may prove 
normal functioning of phospholipids. 
However, the functioning of P in nucleic 
acids remains questionable since the root 
development was severely limited by Al. 
It was suggested that Al inhibits cell 
P concentration (mmol kg" d.m.) 
40-i 
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10-
0-
50-
40-
30-
20-
lo-
o-
I 
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1 
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1 
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*-* k- h-
i I 
TAM 
3 il 
TAM 
• 
u lu 
VVVV-
0 0.4 0.8 1.2 0 0.4 0.8 1.2 
Al level in solutions (mg L" ) 
Fig. 2. Effects of Al on organic P fractions (D 
Nucleic acid-P, M Lipid-P and • Ester-P) in 
shoot and roots of the two sorghum genotypes 
SC and TAM. 
division by preventing DNA replication in onion roots by cross-linking polymers (Clarkson 
and Sanderson, 1969). It needs further study whether Al complexes nucleic acid-P, thus 
affecting its activity. 
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Chapter 5 
Aluminium toxicity with sorghum 
genotypes in nutrient solutions and its 
amelioration by magnesium 
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With: Willem G. Keltjens and Günter R. Findenegg 
Aluminium toxicity with sorghum genotypes in nutrient 
solutions and its amelioration by magnesium 
Summary 
Effects of Al toxicity and interaction of Al and Mg on growth of twelve sorghum 
(Sorghum bicolor (L.) Moench) genotypes have been studied in nutrient solutions (pH 
4.2). Aluminium at 30 \nM decreased biomass (dry matter yield) of the individual 
genotypes by factors between 1.27 and 7.36, with identical sensitivity grouping of 
genotypes as obtained in an earlier pot experiment with an acid soil. Resembling acid-soil 
stress, Al toxicity was simultaneously expressed in two independent ways, i.e. impairment 
of root development and induced Mg deficiency. The effect of Al on total dry matter 
production of the genotypes was correlated more closely with changes in specific root 
length (m g"1 dry root) than with changes in internal Mg status. Increased Mg 
concentrations in the solutions (2.5 and 7.5 instead of 0.25 mM) not only decreased Al-
induced Mg deficiency but also reduced the concentrations of Al in/on the roots and its 
damaging effect on root development. Therefore, the sorghum genotypes were less 
sensitive to Al at the higher Mg levels. At a high Mg concentration in the solution (7.5 
mM) dry matter yield of two genotypes was even stimulated by Al. 
Introduction 
In acid soils, Al toxicity and other stress factors may limit plant growth (Foy, 1988). 
With nutrient solution culture technique it is possible to differentiate between Al and other 
stress factors, e.g. low pH, Mn toxicity etc., and make a better judgement of the 
contribution of Al toxicity in acid soil problems. In addition, in a nutrient solution 
symptoms of Al toxicity (i.e. stubby roots with a brown or black colour) can readily be 
observed and the roots can easily be analysed as well. Therefore, solution experiments are 
often used to study Al toxicity in plants (Furlani and Clark, 1981; Rhue and Grogan, 
1977). However, the effect of Al on plants grown in solution media somewhat differs from 
that on soil-grown plants (Horst and Klotz, 1990), probably because in soils a rhizosphere 
is established differing from bulk soil in pH and the concentrations of Al and root 
exudates (Marschner, 1991). Limited information is available comparing Al toxicity 
between plants grown in soil and hydroponically-grown plants. 
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In earlier experiments with twelve sorghum genotypes it has been postulated that root 
impairment and induced Mg deficiency are two independent symptoms of acid soil 
damage with sorghum plants (Tan et al., 1992). Since the effects of Al- and H ions could 
not be discriminated in those soil experiments, a nutrient solution technique has now been 
introduced. The objectives of the present work were to test to what extent Al toxicity 
could account for acid soil damage in the earlier experiments with soil and to examine the 
role of Mg in alleviating Al toxicity of the sorghum genotypes. 
Materials and methods 
Twelve sorghum (Sorghum bicolor (L.) Moench) genotypes were used in this study. 
Seeds were sown in moist quartz sand. After seven days seedlings were transferred to 
containers filled with different aerated nutrient solutions. 
In the first experiment (Exp. I) two 150 L containers were used. Both containers were 
filled with nutrient solutions differing only in Al treatment, one without Al and another 
with 30 \xM Al. In each container there were three plates (used as triplication) with seven 
seedlings each for every genotype. 
The second experiment (Exp. II) had a factorial design, combining three Al 
concentrations (0, 15, and 45 \xM Al; added as A1C13) with three Mg concentrations (0.25, 
2.5, and 7.5 mM Mg; added as MgS04). There was one 50 L container for each treatment. 
On each container there were two plates (used as two replications) with three seedlings 
each for every genotype. The experiments were carried out in a growth chamber at 25°C, 
relative humidity of 75% and with a day length of 16 hours at a light intensity of 150 W 
m"2. Culture solutions contained (mM): 2.0 NH4+, 2.0 N03", 0.075 P, 2.0 K, 1.0 Ca, 0.25 
Mg, 2.0 CI, 1.25 S04; and trace elements (mg L"1): 0.5 B, 0.5 Mn, 0.05 Zn, 0.02 Cu, 0.01 
Mo, and 13.8 Fe as FeEDTA. The solutions in all containers were maintained at pH 4.2 
by an automatic titration equipment. Twice a week concentrations of NH4+, N03 ' , Al, P, 
and K in the solutions were analysed and, if necessary, adjusted to the initial 
concentrations. Fourteen days after transplanting, all plants were harvested and partitioned 
into shoot and roots. Roots were washed three times with fresh aliquots of demineralized 
water and dried between kleenex. In experiment I, subsamples of 1 g fresh root material 
each were taken for root length measurement. The rest of the root material as well as 
shoot material were dried at 70°C, weighed and ground. Subsequently, samples were 
digested with a mixture of sulphuric acid, salicylic acid, H202 and selenium. In the digest 
concentrations of total N and P were determined colorimetrically, K and Ca 
flamephotometrically, and Mg by atomic absorption spectrophotometry. After HN03-
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HC104-H2S04 digestion Al was determined colorimetrically. In experiment II, effects of 
Al on root development were scored before harvest using five grades (1 = normal: thin 
and white roots; 3 = moderate; and 5 = most severe Al-effects: very stubby, brown or 
black roots). Since quality of seedlings of genotype 12 in Exp. II was poor, data of this 
genotype have not been included in the results of the experiment. In a supplementary 
experiment (Exp. Ill) conducted similarly as Exp. II, root length was measured with the 
genotypes 1 (SC0283) and 10 (RTx434). 
Results 
Aluminium toxicity in plants (Experiment I) 
When the Mg concentration in the nutrient solution was 0.25 mM, Al at 30 \xM 
significantly decreased the dry matter production of the twelve sorghum genotypes by 
factors between 1.27 and 7.36 (Table 1). The degree of growth depression was lower in 
genotypes 1, 2, 3, and 4 (Al-tolerant group) than in the others (Al-sensitive group). 
In the presence of Al, plant Al concentrations ranged between 0 and 2 mmol kg" DM 
in the shoots and between 7 and 19 mmol kg" DM in the roots. Aluminium induced the 
formation of stubby and brown- or black-colored roots with significantly decreased 
specific root length (SRL = root length in m per g dry root weight; Table 1), especially 
in the Al-sensitive genotypes. Dry matter yield of the Al-stressed genotypes was 
significantly correlated with their SRL (r=0.92; significance level <1%). In addition, 
growth response of the different genotypes to Al was closely correlated with the Al-
induced change in their SRL. These findings indicate that the degree of root impairment 
clearly reflects the growth inhibition of the genotypes and thus can be used as an indicator 
for the degree of Al toxicity. 
With all twelve genotypes Al significantly decreased shoot Mg concentrations to levels 
indicated as deficient (Lockman, 1972) and plants showed Mg deficiency symptoms, i.e. 
interveinal chlorosis and dark brown spots on the old leaves (Table 1). However, the 
extent of the decrease in Mg concentration was similar with all genotypes, and therefore 
in no way related to the degree of reduction in root development and plant dry matter 
yield. There was even a negative correlation between biomass production and internal Mg 
concentration, probably because of dilution effect. Thus, difference in biomass sensitivity 
to Al was not primarily a function of the Mg status but root impairment probably prevails 
Mg deficiency with respect to growth limitation. 
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Table 1: Effects of AI on biomass, specific root length (SRL: m per g root) and shoot Mg 
concentration (all on dry weight basis) of twelve sorghum genotypes grown for 14 days in nutrient 
solutions without (-) and with (+) 30 \xM Al (Exp. I); Al-sensitivity represents a ratio of -Al to 
+A1 data. 
Genotype 
No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
Name 
SC0283 
SC574 
GP140 
B68 
SC689 
SC599 
BOK11 
CV323 
SC333 
RTx434 
TAM428 
NB9040 
Without Al 
Biomass 
(g/7 plants) 
4.44 
4.59 
4.11 
7.27 
6.47 
3.25 
4.91 
2.92 
6.43 
5.31 
4.99 
3.41 
SRL 
(m/g) 
290 
233 
199 
262 
275 
186 
150 
224 
171 
169 
185 
165 
Shoot 
(mmo 
106 
111 
107 
105 
105 
138 
90 
103 
116 
104 
94 
103 
Mg 
1/kg) 
Al-sensitivity (-A1/+A1; 
Biomass 
1.27 
1.80 
2.26 
2.99 
7.36 
6.41 
4.50 
4.33 
4.97 
6.20 
6.24 
7.01 
SRL 
1.42 
3.03 
3.11 
2.43 
6.71 
7.15 
5.17 
8.00 
5.03 
8.05 
7.12 
4.34 
a 
Shoot Mg 
2.98 
3.15 
2.87 
2.71 
2.23 
2.65 
2.05 
2.35 
3.77 
2.73 
2.14 
1.84 
a
 All corresponding data from -Al and +A1 treatments are significantly different at the 5% level (Duncan's 
New Multiple Range Test; DNMRT). 
Interactions between Al and Mg (Experiments II and HI) 
There were significant effects of Al and Mg on growth of the sorghum genotypes as well 
as interactions between them. In the absence of Al dry matter yield of most genotypes 
tended to be higher at 2.5 mAf Mg than at 0.25 mM Mg, but significant increases in dry 
matter yield were only obtained with genotypes 5, 9, and 11 (Table 2). However, in the 
presence of Al (especially at 45 \xM) increasing Mg supply commonly gave rise to 
significant enhancement of dry matter yield. Thus, growth of most genotypes was less 
sensitive to Al at higher levels of Mg supply, indicating Mg counteracts Al toxicity. At 
7.5 mM Mg growth of some genotypes even tended to be stimulated by 45 \xM Al. This 
stimulation was most pronounced with genotypes 1 and 2. 
In agreement with results of experiment I, at a concentration of 0.25 mM Mg the Al-
tolerant genotypes 1, 2, 3, and 4 showed less severe symptoms of Al toxicity on roots than 
the Al-sensitive ones (Table 3). In the absence of Al, the external Mg concentrations did 
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Table 2: Dry matter yield of the sorghum genotypes grown in nutrient solutions containing 
different concentrations of Al (0, 15, and 45 \iM) and Mg (0.25, 2.5, and 7.5 mM) (Exp. II). 
Genotype 
No. Name 
1 SC0283 
2 SC574 
3 GP140 
4 B68 
5 SC689 
6 SC599 
7 BOK11 
8 CV323 
9 SC333 
10 RTx434 
11 TAM428 
Dry matter yield (g/3 plants} 
A1(0) 
Mg0.25 
1.98bc 
2.10abcd 
1.46a 
1.91abc 
2.81de 
l.Olabc 
1.92abc 
1.43ab 
3.03b 
3.35a 
1.41bcd 
Mg2.5 
1.75bc 
2.57a 
1.75a 
2.53ab 
4.34a 
1.53ab 
2.67a 
1.68a 
4.25a 
3.64a 
2.60a 
Mg7.5 
1.37c 
1.39d 
1.47a 
1.79bcd 
3.06cd 
1.31ab 
1.62bc 
1.84a 
3.01b 
2.44bc 
2.23ab 
a 
A l ( 1 5 \iM) 
Mg0.25 
1.92bc 
2.16abcd 
1.47a 
1.50cd 
2.08e 
0.66bc 
1.12cd 
0.64bc 
2.01c 
1.07e 
0.82de 
Mg2.5 
2.57b 
2.41ab 
1.64a 
2.66a 
3.72abc 
1.37ab 
2.18ab 
1.37ab 
2.92b 
2.94ab 
1.98abc 
Mg7.5 
1.39c 
1.64bcd 
1.64a 
1.60cd 
2.75de 
1.23abc 
1.45bc 
1.29ab 
2.02c 
2.12c 
1.52bcd 
Al(45pJW) 
Mg0.25 
1.38c 
1.53cd 
1.13a 
l.OOd 
1.25f 
0.43c 
0.64d 
0.37c 
0.94d 
0.61e 
0.37e 
Mg2.5 
4.77a 
2.36ab 
1.99a 
1.79bcd 
3.97ab 
0.74bc 
1.64bc 
1.14abc 
2.36bc 
1.23de 
0.76de 
Mg7.5 
2.47b 
2.56a 
1.99a 
1.87abcd 
3.38bcd 
1.73a 
2.01ab 
1.72a 
2.76bc 
1.90cd 
1.18cde 
a
 Within the same line, data followed by the same letter are not significantly different at the 5% level 
(DNMRT). 
Table 3: Score for root development of the sorghum genotypes grown in nutrient solutions with 
different concentrations of Al (15 and 45 \xM) and Mg (0.25, 2.5, and 7.5 mM) (Exp. II). 
Genotype 
No. Name 
1 SC0283 
2 SC574 
3 GP140 
4 B68 
5 SC689 
6 SC599 
7 BOK11 
8 CV323 
9 SC333 
10 RTx434 
11 TAM428 
Score for root development3 
A l ( 1 5 \xM) 
Mg0.25 
1.3 
2.5 
2.5 
3.5 
4.0 
4.0 
4.0 
4.5 
4.0 
4.5 
4.5 
Mg2.5 
1.0 
1.0 
1.0 
1.0 
1.5 
2.0 
1.5 
1.0 
1.2 
1.5 
1.5 
Mg7.5 
1.0 
1.0 
1.2 
1.5 
2.5 
3.0 
3.0 
3.0 
1.2 
2.5 
3.0 
Al (45 MM) 
Mg0.25 
2.5 
3.5 
3.5 
3.5 
4.5 
4.5 
5.0 
5.0 
5.0 
5.0 
5.0 
Mg2.5 
1.5 
2.5 
2.5 
2.5 
3.5 
3.5 
4.0 
4.0 
4.0 
4.5 
4.5 
Mg7.5 
2.5 
2.5 
2.5 
2.5 
3.0 
3.0 
3.0 
3.0 
1.5 
3.5 
4.0 
Score 1: thin, white roots; Score 5: very stubby, brown or black roots. 
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not change the morphology of the roots. 
At 15 \xM Al, however, increasing Mg 
from 0.25 to 2.5 mM almost restored a 
normal outlook of roots. The negative 
effects of 45 \aM Al on root development 
were only slightly diminished at the 
higher Mg concentrations. Root length 
measurements confirmed that the SRL of 
the Al-tolerant genotype 1 was not 
affected by 15 \iM Al, neither at 0.25 nor 
at 2.5 mM Mg (Fig. 1). However, the 
SRL of Al-sensitive genotype 10 was 
specific root length (m/g dry root) 
240 i Genotype 1 
Genotype 10 
0.25 0.25 2.5 Mg (mM) 0.25 0.25 2.5 
0 15 15 Al((iM) 0 15 15 
Figure 1 : Specific root length of the sorghum 
genotypes 1 (Al-tolerant) and 10 (Al-sensitive) 
grown in the nutrient solutions with different 
concentrations of Al and Mg (Exp. III). 
severely reduced by 15 \xM Al. This root impairment was reversed when the Mg 
concentration was increased to 2.5 mM. When root development was improved by 
increased Mg supply, total dry matter yield was increased as well. 
External Al and Mg mutually decreased their concentrations in/on the roots (Fig. 2). At 
0.25 mM Mg, 15 and 45 \xM Al decreased the mean Mg concentrations in the roots of all 
genotypes by 53% and 58% of corresponding control values (without Al), respectively. 
At 15 [AM Al, the enhancement of Mg supply from 0.25 to 2.5 mM increased the mean 
Mg concentration in the roots by 347% and decreased the mean Al concentration in the 
roots of all genotypes by 46%. Increasing Mg concentrations in the nutrient solution 
resulted in an increase in shoot Mg concentration and removed Mg deficiency symptômes 
(Fig. 3). 
root Mg and Al concentration (mmol/kg D.M.) shoot Mg concentration (mmol/kg D.M.) 
Mg (mM): 0.25 • 2.5 • 7.5 M 1™° 400 1 „ .—. _ , , 
B k
 ' Al (|iM): Q | | 15 i j 45 | 
45 0 15 
Al supply (uM) 
Figure 2: Effects of Mg supply on mean 
concentrations (with standard deviation among 
the individual genotypes) of Al and Mg in the 
roots of eleven sorghum genotypes grown in 
nutrient solutions with three different Al 
concentrations (Exp. II). 
2.5 
Mg supply (mM) 
Figure 3: Effects of Mg and Al supply on the 
concentrations of Mg in the shoots of eleven 
sorghum genotypes (with standard deviation 
among the individual genotypes) (Exp. II). 
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Discussion 
With respect to biomass production, the grouping of the twelve sorghum genotypes in 
Al sensitivity is identical with the grouping in response to liming an acid soil in the earlier 
work (Tan et al., 1992). The symptoms of Al toxicity (root impairment and Mg 
deficiency) were similar to those of acid-soil damage as well. Thus, with sorghum the 
stress conditions in the nutrient solution (pH 4.2 and 30 uAf Al) are concordant with those 
in the acid soil (pH 4.3) used before. This Al concentration was only about one-fourth of 
that in a centrifuged solution of the soil (Tan et al., 1991), indicating some influence of 
substrates on Al toxicity as reported by Horst and coworkers (1990). The situation of Al 
toxicity at pH 4.2 in nutrient solutions where root impairment predominated Mg deficiency 
in differentiation of genotypical growth reactions to Al was, however, contrary to that 
found at a moderate acid (pH 4.7) soil. Whether the Al-Mg interaction with nutrient 
solution is different at various pH levels will be studied further. 
All the data reported support the idea that acid-soil stress observed in the earlier 
experiments (Tan et al., 1991; 1992) was largely due to toxicity of Al ions. 
Aluminium is mainly located in the roots of the sorghum plants. This is in accordance 
with findings in earlier reports (Tan and Keltjens, 1990a, b; Ohki, 1987). Stubby root 
formation has been attributed to Al-induced inhibition of cell elongation (Horst and Klotz, 
1990) or cell division (Clarkson, 1965). The reason for the observed close correlations 
between total plant dry matter yield and SRL of the genotypes and between their changes 
induced by Al is obscure. A functional relationship is unlikely as in a nutrient solution 
even a severely hampered (or small) root system should be able to maintain adequate 
uptake of nutrients and water, and may be sufficient for maximum plant growth (de 
Willigen and van Noordwijk, 1987). In accordance, there was no chemical or visible 
evidence that water or any nutrient except Mg was involved in growth inhibition (Tan and 
Keltjens, 1990a). 
The beneficial effects of increasing concentrations of Mg in solutions on sorghum root 
development is in agreement with similar observations on corn (Rhue and Grogan, 1977) 
and wheat (Kinraide and Parker, 1987). In our earlier soil experiments with the same 
genotypes, negative effects of soil acidity on root development could not be restored by 
fertilization with Mg (Tan et al., 1991; 1992). Probably the increase of Mg concentration 
in the soil solution brought about by Mg fertilization (from 1.2 to 1.5 mM) was 
insufficient for preventing Al-induced root damage. The practical impact of the 
counteracting effect of Mg on Al-induced root damage thus seems questionable because 
excessive amounts of Mg fertilizer would be needed to obtain this effect in the field. 
However, it is of considerable interest with respect to a better understanding of the 
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interaction mechanism between Al and Mg. Adding MgS04 also increases the ionic 
strength and the S0 4 concentrations of the nutrient solution, both leading to changes in 
activity and speciation of Al in the culture solution (Alva et ah, 1986). However, it is 
unlikely that this played a main role in improving development of the Al-stressed plants, 
concordant to the results with wheat (Kinraide and Parker, 1987), because similar 
additions of CaS04 (5 mM) hardly showed an effect on root development with the same 
sorghum genotypes (to be published). 
Results of chemical analysis and plant observation indicate that there is a strong 
competition between Al and Mg for the Mg uptake sites as reported by Rengel and 
Robinson (1989a, b), and Schimansky (1991). This competition greatly affects the internal 
Mg status of sorghum plants and increasing Mg supply can offset the Al-induced Mg 
deficiency. 
Stimulating effects of Al on growth have been observed with many other plants such as 
tea (Matsumoto et al, 1976), rice (van Hai et ah, 1989), tropical legumes (Andrew and 
Vandenberg, 1973) and sugar beet (Keser et al, 1975). With some sorghum genotypes Al 
was beneficial only at high Mg supply. This effect is difficult to explain. Genotypes 1 and 
2 both showed symptoms of Ca deficiency at high Mg supply, particularly in the absence 
of Al. Thus the possibility for Al ions to improve the utilization of Ca or to protect some 
kind of its function might be well-considered. 
As mentioned above, increasing Mg supply not only prevented Mg deficiency but also 
repressed Al-induced root impairment of the sorghum genotypes. This again could result 
from a competition between Al and Mg ions at the hypothetical binding site which 
mediates Al-toxicity effects on root development. Competition between Mg and Al for 
common binding sites thus may account for both ameliorating effects of Mg on Al toxicity 
in sorghum. 
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Abstract 
A solution culture experiment was carried out to study the effects of interactions between 
aluminium (Al) and phosphorus (P) on Al-toxicity under conditions of suboptimal P 
supply. The experiment was conducted in a growth chamber with seedlings of the Al-
sensitive sorghum genotype TAM428 (Sorghum bicolor (L.) Moench). Phosphorus 
deficiency differed from Al toxicity in its effect on shoot/root ratio and root morphological 
characteristics. Results indicated that there were positive effects of Al on the uptake and 
assimilation of P. Therefore, it was unlikely that an Al-induced P deficiency could account 
for the observed reduction in plant biomass. Plants suffered more from Al toxicity at very 
low P supply. Moreover, decreasing P supply resulted in increased root H-ion efflux 
density. In the soil, where a rhizosphere can be formed, this would make the plant even 
more susceptible to Al. Dry matter yield of the plants was affected more severely by Al 
at the first harvest (14 days) than at the second (35 days), but the opposite was true for 
P. Aluminium-inhibited root development and reduced uptake of N, K and Mg (but not 
Ca) may be partly responsible for the growth depression. Increasing the P supply exerted 
certain roles in eliminating AI phyto toxi city, possibly through improved root development 
and nutrient uptake. The detrimental influence of Al on biomass could be overcome by 
doubling the P supply. 
Introduction 
Aluminium toxicity of plants grown in acid soils is generally considered to be closely 
related to P nutrition (Bollard, 1983; Brown and Jones, 1977; Foy et al, 1978). 
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Phosphorus fixation in acid soils by precipitation of aluminium phosphate is recognized 
as an important factor contributing to low P availability (Hsu, 1965). A similar 
fixing/adsorbing process occurs in the root, especially on its outer surface and in its 
cortical free space, thereby making P less available for metabolism and upward 
translocation (Clarkson, 1966, 1967; McCormick and Borden, 1972, 1974; Wright, 1943; 
Wright and Donahue, 1953). Aluminium tends to accumulate in/on the roots of many 
plants, often in close association with P (Foy et al., 1978). Aluminium also increases P 
concentrations in roots and decreases those in tops (Jarvis and Hatch, 1987). Therefore, 
in some plants the foliar symptoms of Al toxicity resemble those of P deficiency. 
However, stimulatory effects of low Al concentrations on P uptake have been observed 
in French bean (Ragland and Coleman, 1962), perennial rye grass (Randall and Vose, 
1963), sugar beet (Keser et al., 1975) and lucerne (Macleod and Jackson, 1965). 
Aluminium stress may interfere with phosphorus metabolism of plants. Evidence for this, 
however, is uncertain. For example, Al decreased contents of high-bond-energy P and 
increased mineral P in the roots of peas (Dedov and Klimashevskii, 1976), and it markedly 
decreased sugar phosphates but increased the pool size of ATP and other nucleotide 
trisphosphates in the roots of barley seedlings (Clarkson, 1966). In root tips of wheat, Al 
decreased the concentrations of glucose-6 phosphate, inorganic P (cytoplasm and vacuole) 
and ATP (Foy, 1988). Moreover, an Al-P interaction could result in a malfunctioning of 
phosphate-containing organic compounds. It has been suggested that Al inhibits mitosis 
(Clarkson, 1965) by inducing the synthesis of metabolically unstable DNA (Sampson et 
ah, 1965) or by forming cross-linked polymers which increase the rigidity of the DNA 
double helix and prevent replication (Clarkson and Sanderson, 1969). Of course, the 
interaction between Al and P differs from one species to another and varietal differences 
were found in peas and wheat in the above reports. 
Few studies have been made on the status of the major P fractions, i.e. inorganic-P, 
nucleic acid-P, lipid-P and ester-P, in plants grown in the presence of Al. In a prior 
experiment with a sufficient P supply in solution (Tan and Keltjens, 1990), sorghum plants 
showed Al-induced P-deficiency-like symptoms, i.e. a chlorosis with some purple 
pigmentation on older leaves, after about two weeks growth. However, the major P 
fractions in both shoot and roots were not reduced, and even tended to be increased, by 
Al after 35 days growth. Because the availability of P in acid soils is usually low, the 
present experiment was conducted with suboptimal P supplies. An Al-susceptible sorghum 
genotype was used, and Al toxicity was studied in relation to P supply. This research 
could provide benefits by revealing the effects of Al on P metabolism and answering 
whether or not the phytotoxicity of Al is related to a disturbance in P metabolism. The 
role of P supply in eliminating Al phytotoxicity was also examined. 
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Materials and methods 
The experiment was conducted in a growth chamber at a temperature of 25°C, relative 
humidity of 75% and with a day length of 16 hours at a light intensity of 151 W m . 
Seeds of the Al-sensitive sorghum (Sorghum bicolor (L.) Moench) genotype TAM428 
were germinated in moist quartz sand. Seventy five one-week-old seedlings were 
transferred to each of a series of six 50-L containers filled with aerated nutrient solution 
containing (mM): NH4 2.0, N03 2.0, K 2.0, Ca 1.0, Mg 0.25, Cl 2.0, S04 1.25; 13.8 mg 
Fe L as Fe-EDTA and micro-elements (Keltjens, 1987). The experiment was factorially 
designed with two Al levels (zero and 0.4 mg Al L"1 added as A1C13) and three P levels 
(0.285, 0.570 and 1.140 mmol P plant 35-day ). Phosphorus was added daily as a dilute 
NaH2P04 solution (a 300-ml volume was provided evenly to each container throughout 
the day by means of a peristaltic pump). The amount of P added was increased daily at 
a rate of 10% per day. There was one container for each treatment. The solutions were 
initially adjusted to pH 4.2 with 0.25 M H2S04 and maintained at this pH by daily 
titration with 0.2 M NaOH. The amount of NaOH added was assumed equal to the net H-
ion efflux of the roots. The solutions were analysed three times a week for NH4, N03, 
H2P04, K and Al to adjust for N, K and Al in solution and for calculation of the 
NH4/N03 uptake ratio. All solutions were replaced once every two weeks. 
Fourteen days after transfer, 60 plants from each container were harvested and divided 
into six samples of 10 plants each. Plants were partitioned into shoot and roots. Roots 
were washed three times with fresh aliquots of distilled water and dried between kleenex. 
The fresh biomass of three samples was treated with liquid N2, dried and subsequently 
used for chemical analyses of Al, total-N, total-P, K, Ca, and Mg (Keltjens and van Ulden, 
1987); ester-P, lipid-P, nucleic acid-P and inorganic-P (Chapin and Bieleski, 1982). The 
other three samples were used for the measurements of biomass and root length. Thirty-
five days after transfer, the remaining 15 plants were harvested and divided into three 
samples. After measurement of the biomass, subsamples were taken and used for root 
length measurement and chemical analyses including water-extractable S0 4 and CI. In 
addition, three subsamples of fresh root material were desorbed for 15 minutes with 0.05 
M H2S04 and the desorption solution was subsequently analysed for Al and P. Another 
three subsamples of 1-g fresh root material each were used for respiration measurement. 
The procedures used have been described elsewhere (Keltjens and van Ulden, 1987; 
Keltjens, 1988). 
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Results 
Biomass production and root characteristics 
Aluminium and P in the nutrient solutions significantly affected dry matter yields of the 
Al-sensitive sorghum genotype TAM428 (Table 1). The effect of Al was more profound 
at the first harvest (14 days) than at the second harvest (35 days), whilst the reverse was 
true for P. At the first harvest, Al significantly reduced the plant biomass by 64-77% at 
the Fv P 2 and P3 levels (i.e. 0.285, 0.570 and 1.140 mmol P plant"1 35-d"1, respectively), 
whereas the influence of P supply was not very clear. At the second harvest, however, dry 
matter yield increased with increasing P supply, irrespective of the presence of Al. 
Relative to the corresponding controls, biomass of Al-stressed plants was decreased by 26-
35%. However, the detrimental effects of Al could even be negated by doubling the P 
supply. 
Shoot and root growth were affected in different ways by the various P additions. In the 
absence of Al, higher P levels improved the growth of shoots more than that of roots. 
However, in the presence of Al this effect was smaller and turned to relative stimulation 
of root growth at the second harvest. 
In the absence of Al, variations in P supply had no significant influence on the root 
morphological characteristics (i.e. specific root length, average diameter and specific 
surface area) (Table 2). On the other hand, Al significantly suppressed root development 
Table 1. Effects of Al and P on biomass production by the Al-sensitive sorghum genotype 
TAM428 
Al 
(mg I/1) 
0 
0.4 
P level 
(mmol plant 
?! (0.285) 
P2 (0.570) 
P3 (1.140) 
P t (0.285) 
P2 (0.570) 
P3 (1.140) 
35-d4) 
Dry matter 
14 d 
1.45b 
1.94a 
1.55b 
0.49c 
0.44c 
0.56c 
yield (g plant ) 
35 d 
5.48d 
9.36bc 
13.68a 
3.54d 
6.18cd 
10.10b 
Shoot/Root ratio 
14 d 35 d 
1.20d 
1.55b 
1.77a 
1.24d 
1.38c 
1.44c 
0.94d 
0.96d 
1.24c 
1.38a 
1.31b 
1.30b 
a
 Within columns, values followed by the same letter are not significantly different at the 5% level, 
according to Duncan's new multiple range test (DNMRT). 
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Table 2. Effects of AI and P on root morphological characteristics 
p 
level 
* l 
P 2 
P, 
Specific length3 Average 
(m g"1 d.m.) (mm) 
-Al +A1 -Al 
1st harvest (14 d after transfer) 
95.3a 31.7c 0.12d 
104.1a 42.4c O.lld 
93.9a 66.0b 0.12d 
diameter3 
+A1 
0.20a 
0.18b 
0.14c 
Specific 
(m2 kg 1 
-Al 
34.6a 
36.2a 
34.3a 
surface 
d.m.) 
area3 
+A1 
19.9c 
23.0c 
28.7b 
2nd harvest (35 d after transfer) 
62.8a 28.5c 0.42c 
66.8a 36.6bc 0.44c 
69.1a 46.0b 0.43c 
0.70a 
0.70a 
0.62b 
83.0ab 
92.2a 
93.6a 
62.3c 
79.6b 
88.8ab 
3
 Within item blocks, values followed by the same letter are not significantly different at the 5% level 
(DNMRT). 
at all P levels and the plants developed stubby roots with a small surface area. However, 
this depression was partly neutralized by increasing the P supply. At the higher P levels, 
roots of Al-stressed plants became thinner, developed more branches and had a higher 
surface area. 
Under the condition of Al stress, 
increasing the P supply clearly enhanced 
root respiration (Fig. 1). In the absence of 
Al, the effects of P on respiration were 
not consistent. Clearly, Al had some 
stimulatory effect on root respiration. 
Aluminium and phosphorus distribution 
in plants 
Aluminium was located mainly in the 
roots (Table 3). At the first harvest, plants 
provided with more P (treatments P2 and 
P3) had obviously higher Al concentrations 
in/on roots than those supplied with less 
P (P1). At the second harvest, the 
3.2 
Ja 
s 
• a 
'bO 
60 
a 
.o f 
a, 
2.8-
2.4 
2.0 
0 * I I 
0.285 0.570 
mmol P plant"135-d1 
1.140 
Fig. 1. Effects of P on root respiration by the 
sorghum genotype TAM428 after 35 days of 
growth in nutrient solutions with (+) and 
without (n) Al. 
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Table 3. Aluminium and phosphorus distribution (mmol kg"1 d.m.) in sorghum plants (genotype 
TAM428) grown for 14 and 35 days in nutrient solutions containing various levels of Al and P 
Treatment 
P r Al 
P2-A1 
P3-A1 
Pj+Al 
P2+A1 
P3+AI 
1st harvest 
Ala 
Shoot 
-
-
-
1 
1 
1 
(14 d) 
Roots 
-
-
-
21 
39 
31 
pb 
Shoot 
58d 
89c 
252a 
106c 
202b 
241a 
Roots 
64e 
79d 
166b 
136c 
195a 
203a 
2nd harvest (35 d)c 
Ala 
Shoot Roots 
-
-
-
1 
1 
1 
-
-
-
12 (42) 
12 (33) 
10 (50) 
pb 
Shoot 
49d 
50d 
88bc 
66c 
99b 
129a 
Roots 
43e( 7) 
44e( 9) 
68d (10) 
88c ( 9) 
105b (10) 
125a (11) 
a
 Data were not statistically analysed because mixed samples were used. 
Within columns, values followed by the same letter are not significantly different at the 5% level 
(DNMRT). 
c
 Values between brackets represent the desorbable fraction as a percentage of the total-Al and total-P. 
accumulation of Al in the roots was less and not obviously different with various P 
supplies. One-third to half of the Al could be desorbed with 0.05 M H 2 S0 4 , proving that 
it was located on the outer surface or in the cortical free space of the roots. 
In general, the concentrations of P in both shoot and roots tended to increase with 
increasing P supply. At equal levels of added P, plants grown under Al stress usually 
showed significantly higher P concentrations in shoot and roots than those grown in the 
absence of Al. 
Phosphorus assimilation 
In general, all major P fractions (i.e. nucleic acid-P, inorganic-P, lipid-P and ester-P) in 
the shoot and roots at both harvests increased as P supply was enhanced (Table 4). Plants 
grown under Al stress commonly showed higher concentrations of nucleic acid-P, lipid-P 
and inorganic-P than did plants grown at the same P level but without Al. At the first 
harvest, the effects of Al on inorganic-P, nucleic acid-P and lipid-P were significant at all 
but the highest P level, whereas Al effects on ester-P were inconsistent. At the second 
harvest, significant increases in inorganic-P, nucleic acid-P and lipid-P occurred at all P 
levels in the presence of Al, but Al effects on ester-P remained inconsistent. 
In terms of relative P fractions, i.e. the percentage of the total-P present in the various 
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Table 4. Effects of P supply on phosphorus distribution in Al-sensitive sorghum (genotype 
TAM428) grown in the presence (+) or absence (-) of Al 
Treatment 
P r Al 
P2-A1 
P3-AI 
PX+A1 
P2+A1 
P,+A1 
Phosphorus 
Inorganic-P 
Shoot 
1st harvest 
20.7d 
36.4cd 
156.0a 
58.7c 
130.2b 
159.1a 
fractions 
Roots 
(14 d aft 
24.0d 
42.3cd 
83.5ab 
63.1bc 
102.7a 
103.7a 
(mmol kg d.m.)a 
Nucleic acid-P 
Shoot 
zr transfer) 
24.2d 
36.4c 
52.4a 
34.7c 
43.5b 
45.7b 
Roots 
21.9d 
23.4d 
48.5b 
42.7c 
54.6a 
53.6a 
Lipid-P 
Shoot 
8.3e 
12.2d 
21.0a 
14.9c 
18.5b 
21.5a 
Roots 
5.3d 
6.3cd 
12.5a 
8.5bc 
10.7ab 
12.1a 
Ester-P 
Shoot 
1.3c 
1.1c 
3.2a 
1.3c 
2.4b 
2.9a 
Roots 
2.4b 
2.4b 
3.6a 
1.4d 
1.9cd 
2.0c 
2nd harvest (35 d after transfer) 
P r Al 
P2-A1 
P3-AI 
Pj+Al 
P2+A1 
P3+AI 
20.9c 
21.6c 
41.0bc 
28.5bc 
48.2b 
71.6a 
22.4d 
23.7d 
33.9c 
39.4c 
46.2b 
54.6a 
15.8c 
15.5c 
25. lab 
22.5b 
28.1ab 
30.5a 
9.4d 
11.4d 
18.7c 
36.4b 
44.5a 
47.5a 
3.8c 
4.6c 
8.3b 
7.4b 
10.5a 
12.1a 
1.8b 
1.9b 
2.7b 
5.4a 
5.4a 
6.5a 
0.6a 
0.7a 
0.2a 
0.2a 
0.5a 
0.6a 
0.1c 
0.1c 
0.2c 
0.3bc 
0.6b 
1.0a 
a
 Within columns, values followed by the same letter are not significantly different at the 5% level 
(DNMRT). 
P compounds, inorganic-P made up a great proportion of the total-P and usually increased 
with increasing P supply. In the absence of Al, for example, inorganic-P in the shoots 
increased from 36 to 62% (at the lst-harvest) as the P supply increased. The percentage 
of P in organic forms decreased in the order nucleic acid-P > lipid-P > ester-P and, in 
general, the percentage of each fraction decreased as P supply increased, e.g. in the 
samples mentioned above the percentages of nucleic acid-P declined from 42 to 21. This 
tendency was similar for both the -Al and +A1 treatments. At the second harvest, relative 
variations in the P fractions, at different P supplies, were smaller and less consistent. 
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Plant chemical composition 
At the first harvest, the various Al and P treatments yielded striking differences in total-
N and K concentrations (Table 5). Concentrations of both nutrients generally increased as 
more P was provided although they were always lower in the presence of Al. This was 
especially true for K. Calcium and Mg concentrations were affected less by Al and P. 
Calcium concentrations in the shoot were increased, while Mg in the roots was reduced 
by Al. 
At the second harvest (35 d), concentrations of K and Ca in the control plants (-A1) were 
generally unaffected by P at low levels (Px and P2) but increased as more P was added 
to the solution. Effects of P on the concentrations of total-N and Mg were smaller and less 
Table 5. Effects of Al and P in solution on nutrient status of Al-sensitive sorghum (genotype 
TAM428) 
Treatment 
P r Al 
P2-A1 
P3-AI 
Pj+Al 
P2+A1 
P3+A1 
Nutrient concentration 
N 
Shoot 
1st harvest 
2695c 
3017b 
3339a 
2245d 
2546c 
2654c 
Roots 
(14 d after 
2364c 
2533b 
2807a 
2136d 
2442bc 
2456bc 
(mmol kg 
K 
Shoot 
transfer) 
773b 
955a 
1010a 
497c 
657b 
663b 
d.m.)a 
Roots 
994b 
1210a 
1268a 
639d 
865c 
847c 
Ca 
Shoot 
128d 
120d 
134cd 
147bc 
167a 
158ab 
Roots 
30ab 
31ab 
30ab 
36a 
28b 
23b 
Mg 
Shoot 
54ab 
60a 
61a 
49b 
59a 
59a 
Roots 
40b 
43a 
41ab 
32c 
33c 
35c 
2nd harvest (35 d after transfer) 
P r Al 
P2-A1 
P3-AI 
Pi+Al 
P2+A1 
P3+AI 
2928a 
2808ab 
2862a 
1983d 
2377c 
2605bc 
2560a 
2242bcd 
2218cd 
2174d 
228lbc 
2331b 
681c 
668c 
1014a 
581c 
839b 
1008a 
815b 
647c 
934a 
613c 
834b 
989a 
115b 
122ab 
130a 
110b 
136a 
138a 
28bc 
27c 
32b 
28bc 
38a 
40a 
59a 
60a 
56a 
32c 
43b 
46b 
35a 
28b 
33a 
19d 
25c 
29b 
a
 Within columns, values followed by the same letter are not significantly different at the 5% level 
(DNMRT). 
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consistent. In the presence of Al, increasing the P supply resulted in higher concentrations 
of all the elements in both shoot and roots. Relative to the corresponding controls, total-N 
in the shoot and Mg in both shoot and roots were significantly reduced by Al. The 
concentrations of total-N in the shoots of Al-stressed plants were especially low at the 
lowest level of P supply (P1). 
Nutrient uptake and proton efflux 
Absorption of total nutrient cations Ca (2(NH4+K+Ca+Mg+Na)absorbed) was not 
equivalent to that of total anions Aa (2(N03+H2P04+S04+Cl) a b s o r b e d) . Excess cation 
uptake (Ca-Aa) in plants usually increased with increasing P supply and was higher for the 
control plants than those grown with Al (Fig. 2). To maintain external and internal 
electroneutrality of the plant, excess cation absorption was balanced by proton exclusion 
from the roots. The H-ion efflux, as measured by titration with NaOH, was more or less 
equal to the excess cation absorption, particularly for the plants grown under Al stress. 
Since nitrogen was absorbed in great quantities, the contribution of the NH4 /N03 uptake 
ratio to the cation-anion balance was very significant. Plants showed a higher preference 
for NH4 at lower P supplies, i.e. the NH4 /N03 uptake ratio tended to increase as P supply 
decreased. In the absence of Al, the ratios were 2.79, 1.52 and 1.43 from P1 to P3, 
respectively; and 2.12, 1.61 and 1.43, respectively, with Al. At lower P supplies (P^ and 
Pj) excess uptake of NH4 over N 0 3 accounted for over half the total excess cation uptake. 
The amount of H-ions released per unit 
of root surface area, the so called root H-
ion efflux density, measured during the 
week before the final harvest, increased 
with decreasing P supply both in the 
absence and presence of Al (Fig. 3). 
Effects of Al were absent. 
20 n 
16 
12 
o 
4-
0 J 
-Al +A1 -Al +A1 
0.285 0.570 
mmol P plant"135-d"1 
-Al +A1 
1.140 
Fig. 2. Effects of P on root H-ion efflux (D), 
excess cation uptake (Q; Ca-Aa) and excess 
ammonium uptake ( • ; NH4-N03) by TAM428 
plants grown for 35 days in nutrient solutions 
with (+) and without (-) Al. 
Discussion 
Suboptimal P supplies and the presence 
of Al were the two factors limiting 
growth of the Al-sensitive sorghum 
genotype TAM428 in nutrient solutions. 
The plants responded to variation in P 
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1.140 
Fig. 3. Effects of P on root H-ion efflux 
density of the TAM428 plants during the 
week before final harvest. Plants were grown 
in nutrient solutions with (+) or without (n) 
Al. 
supply and addition of Al by producing 
significant changes in biomass production, 
root development and nutrient uptake. 
Although the effects of P on plant 
nutrient status were great at the first 
harvest, P-induced changes in biomass 
were minor. The inhibiting effects of Al 
were dominant during this growth period. 
In agreement with a prior experiment 
(Tan and Keltjens, 1990), enhanced 
accumulation of Al in/on roots was 
observed. This severely depressed root 
development and nutrient (mainly N and 
K) uptake, thereby reducing plant dry 
matter yield. Phosphorus exerted some 
role in modifying the growth pattern of 
the plants. For example, increasing the P 
supply promoted shoot growth, but this 
effect was weakened by the addition of Al. In the presence of Al, root development was 
improved significantly by increasing the P supply. Concentrations of the major P fractions 
(nucleic acid-P, inorganic-P and lipid-P) in both shoot and roots were higher in the 
presence of Al than in its absence, proving that Al did not inhibit P metabolism. Thus, it 
is unlikely that a direct internal Al-P interaction could result in enhanced P deficiency 
under conditions of suboptimal P supply. On the contrary, Al-induced reductions in plant 
growth rate may result in P being accumulated, thereby increasing the concentrations of 
the various P fractions as was observed. The low shoot/root ratio under conditions of 
severe P stress may be attributable to the preferential utilization of newly absorbed P in 
roots as suggested by Brouwer (1966) and, Chapin and Bieleski (1982). 
At the second harvest, the effects of both Al and P on plant growth were significant. 
However, the effect of Al was less than that observed at the first harvest as young 
seedlings are generally more susceptible to Al than older plants (Thawornwong and van 
Diest, 1974). As expected, plant growth was promoted (in the absence and presence of Al) 
by the improvement in the internal P status which resulted from increased external P 
supplies. As reported by others (Foy et al., 1978; Furlani and Clark, 1981; Grundon et ai, 
1987; Keltjens, 1987; Tan and Keltjens, 1990) the detrimental effects of Al were clearly 
reflected in root development. Root biomass production, length, diameter and surface area 
were inhibited by Al but these reductions were much smaller at higher P levels. Furlani 
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and Clark (1981), working with other Al-sensitive sorghum genotypes, also found that the 
visual symptoms of Al toxicity on roots decreased with increasing P supply. At the final 
harvest, the differences in shoot/root ratio between corresponding -Al and +A1 treatments 
were much smaller at high than at low P levels. This also proved that Al had less of an 
effect on root growth under better external P condition. Therefore, it can be concluded that 
phosphorus exerted certain beneficial effects in eliminating Al toxicity, probably by 
reducing Al-inhibited root development. Relative to the controls, the reduction in dry 
matter yield caused by Al could be negated by doubling the P supply. 
Because, at the final harvest, the concentrations of all major P fractions in the plants 
were increased by Al (except ester-P in the shoot) it seemed improbable that Al further 
enhanced P starvation under conditions of suboptimal P-supply. Instead, the negative 
effects of Al on growth rate (accumulating effect) and the positive influence of Al on P 
uptake may be reasons for these increases. It was previously noted (Tan and Keltjens, 
1990) that the concentrations of P in both shoot and roots of the TAM428 genotype were 
increased by Al when sufficient P was supplied. Moreover, Ohki (1987) observed a 
positive correlation between P and Al in blade one and roots of sorghum plants. The 
results of our experiment indicated that Al-induced P deficiency was unlikely and that P 
translocation and assimilation were not directly disturbed but even promoted by Al. Under 
Al stress, higher concentrations of P in the plant may indicate that the efficiency of P use, 
namely biomass production per unit of absorbed P, is lower in the presence of Al than in 
its absence. In other words, the P-requirement of plants grown under Al stress might be 
higher. Yet, the effect of Al on the functioning of P-containing organic compounds is still 
obscure and requires additional investigation. 
Obviously, P deficiency differed from Al toxicity in its effect on root morphology, 
shoot/root ratio and P concentration. Phosphorus did not affect the morphological 
characteristics of the roots, but Al did; P-deficient plants had relatively higher rates of root 
growth, probably because of the preferential utilization of freshly absorbed P. Al-toxic 
plants, on the other hand, suffered greater inhibition of root development. Phosphorus 
deficiency was accompanied by low P concentrations in the plant whilst the Al-toxic 
plants contained higher P concentrations, including those of the major P fractions. 
In addition to the direct effects of Al and P on plant growth and behaviour, indirect 
effects on nutrient uptake also appear to be involved in the plant growth response. At the 
first harvest, total-N concentrations in the shoots of the plants supplied with very low level 
of P (Pj), and the K concentrations in the shoots at all P levels, were reduced below the 
critical levels, i.e. 2500 and 767 mmol kg"1 for N and K, respectively (Lockman, 1972) 
by Al. At the final harvest, these concentrations remained rather low at very low P supply. 
In fact, even without Al stress, a very low P supply (Pj) itself caused a decrease in the N 
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and K concentrations but Al enhanced this effect. These results suggest that plants would 
be more severely injured by Al under low P supply as a result of reduced uptake of N and 
K. In addition, plants with lower P supply showed a higher NH4 preference, resulting in 
higher excess cation over anion absorption per unit of biomass. Consequently, these plants 
had higher root H-ion efflux density which would make the plant even more susceptible 
to Al if grown in a soil where a rhizosphere can be developed. 
In the presence of Al, Mg concentrations in the roots and later those in the shoots were 
decreased. This may be partly responsible for the detrimental effects of Al on biomass 
production. Effects of P on Mg uptake by plants grown in the absence of Al were 
relatively small. However, in the presence of Al, Mg concentrations in both shoot and 
roots were, at the final harvest, enhanced by increasing P supply. This effect may partially 
offset the detrimental effects of Al. These results appear to support Grimme's (1984) 
conclusion that the degree of Al toxicity in soybean was a function of the severity of Mg 
deficiency and suggest that the Mg x Al interaction in plants needs further study. 
The Al-induced Ca deficiency mentioned in other reports (Foy et ai, 1978; Foy, 1988) 
was not evident in this experiment. At both harvests, Al had no effect or even increased 
the Ca concentrations in both shoot and roots. Similar results were reported by Keltjens 
(1987), Keltjens and van Ulden (1987), and Tan and Keltjens (1990). In the absence of 
Al, P had no effect on Ca uptake, whereas a slight increase was observed in the presence 
of Al. 
Respiration measurement at the final harvest showed that increasing the P supply 
enhanced respiration by roots under Al stress. This enhancement could improve the root 
energy status and contribute to a stimulated nutrient uptake and root development at the 
higher P levels. However, the mechanism by which Al increased respiration is still 
obscure. 
In summary, because P deficiency differed from Al toxicity in its effects on root 
morphology, shoot/root ratio and P metabolism, it was unlikely that Al induced P 
deficiency. Increasing the P supply played certain roles in eliminating Al phytotoxicity 
possibly through improved root development and nutrient uptake. 
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Chapter 7 
Interaction between aluminium and 
phosphorus in sorghum plants 
II. studies with the aluminium tolerant 
sorghum genotype SC0283 
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With: Willem G. Keltjens 
Interaction between aluminium and phosphorus in 
sorghum plants 
II. Studies with the aluminium tolerant sorghum genotype 
SC0283 
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Abstract 
An experiment to test the response of seedlings of the Al-tolerant sorghum {Sorghum 
bicolor (L.) Moench) genotype SC0283 in culture solutions containing various levels of 
Al and P was conducted. Aluminium at a low level (0.4 mg L"1) did not affect the biomass 
production of this genotype. At a high level (1.6 mg L ), however, Al severely inhibited 
plant growth mainly by inhibiting root development. Plant dry matter yield was usually 
enhanced by increasing the P supply. Under high Al stress, however, the positive effect 
of a high P supply no longer existed, probably because of enhanced accumulation of Al 
in/on its roots in close association with the P. In general, concentrations of both inorganic 
and organic P in the plants were increased by improving the P supply, particularly at high 
Al stress. Phosphorus deficiency differed from Al toxicity in its effect on root morphology, 
shoot/root ratio and P metabolism. This indicated that there was no Al-induced P 
deficiency in plants supplied with high Al and suboptimal P. In the absence of Al and at 
the low level of Al, increasing the P supply usually increased root respiration and nutrient 
uptake. At the high level of Al, however, only minor effects of P were observed, 
presumably due to the dominant influence of Al. In general, stress associated with high 
Al concentration significantly affected plant growth, root morphology and respiration, Al 
distribution and P metabolism of the Al-tolerant sorghum (genotype SC0283). 
Introduction 
Aluminium toxicity is considered to be closely associated with the phosphorus nutrition 
of plants grown in acid soils (Bollard, 1983; Brown and Jones, 1977; Foy et al., 1978). 
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Through precipitation/adsorption of aluminium phosphate, both in the soil and in plant 
roots, P bioavailability can be reduced (Hsu, 1965; Shkolnik, 1984). Interference of P 
assimilation and the malfunctioning of organic P compounds in plants under Al stress has 
been reported (Clarkson, 1966; Clarkson and Sanderson, 1969; Dedov and Klimashevskii, 
1976; Foy et ah, 1978; Foy, 1988). However, the overall status of the major P fractions, 
i.e. inorganic-P, nucleic acid-P, lipid-P and ester-P, of plants in the presence of Al has 
been largely overlooked. 
In a previous study (Tan and Keltjens, 1990a), it was shown that an Al-sensitive 
sorghum (genotype TAM428) accumulated much more Al in/on its roots in close 
association with P than did an Al-tolerant one (genotype SC0283). However, with both 
genotypes the major P fractions were seldom lowered and, in some cases, even increased 
by Al when the P-supply was adequate. With regard to the usually low availability of P 
in acid soils, this experiment was conducted at suboptimal P supplies. The objectives of 
this study were to test the response of the Al-tolerant sorghum (genotype SC0283) to Al 
toxicity in relation to P deficiency, and evaluate Al-P interactions and the role of 
improving P supply in eliminating Al phytotoxicity. 
Materials and methods 
The experiment was carried out in a growth chamber (25°C and 16-h day length) and 
was factorially designed with three levels of Al and P. Aluminium levels were 0, 0.4 and 
1.6 mg Al L"1 added as A1C13. Phosphorus was added as NaH2P04 at levels of 0.285 (Pj), 
0.570 (Pj) and 1.140 (P3) mmol P plant"1 35-d"1. The amount of P, added evenly 
throughout the day by means of a peristaltic pump, was increased daily at a rate of 10% 
per day. Seven-day-old seedlings of the Al-tolerant sorghum {Sorghum bicolor (L.) 
Moench) genotype SC0283 were transferred to nine 50-L plastic containers filled with 
different nutrient solutions at a constant pH of 4.2. All solutions were replaced once every 
two weeks. Plants were harvested twice, i.e. on day 14 and day 35 after transfer. For 
chemical analyses, samples of both shoot and roots were treated with liquid N2. 
All climatic conditions, composition of the nutrient solution, experimental management, 
harvesting procedures, measurements and methods of plant chemical analyses were the 
same as reported previously (Tan and Keltjens, 1990b). 
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Results 
Plant growth and root characteristics 
At both harvests, growth of the Al-tolerant sorghum was not affected at the low level 
(0.4 mg L"1) ofAlbut was inhibited greatly at the high Al (1.6 mg L"1) concentration 
(Table 1). This was especially true for root development. In the absence of Al and at 0.4 
mg Al L , increasing the P supply promoted plant growth. The effects were mainly on 
shoot growth and were reflected in increased shoot/root ratios. At the high Al level, effects 
of P were smaller and less consistent because of the dominating influence of the Al. 
At the first harvest (14 d), generally there was no remarkable influence of P on root 
morphological characteristics of the plants (Table 2). At the second harvest (35 d) P 
effects were still absent for the plants without Al. At the low level of Al, increasing P 
supply tended to make plant root shorter and thicker whilst the opposite was true for the 
plants at the high level of Al. At the first harvest, Al-induced formation of stubby roots 
occurred only at high Al, but later (35 d) it even appeared at low Al. 
As seen from Figure 1, in the absence of Al and at low Al root respiration increased 
with increasing P supply. High Al stress led to an increase in root respiration at the lower 
Table 1. Effects of Al and P on biomass production by the Al-tolerant sorghum genotype SC0283 
Al 
(mg L-1) 
0 
0.4 
1.6 
P level 
(mmol plant4 35-d1) 
Pi 
P2 
P3 
Pi 
P2 
P3 
Pi 
P2 
P3 
(0.285) 
(0.570) 
(1.140) 
(0.285) 
(0.570) 
(1.140) 
(0.285) 
(0.570) 
(1.140) 
Dry matter 
(g Plant"1) 
14 d 
0.44d 
0.60b 
0.70a 
0.50c 
0.57bc 
0.61b 
0.19e 
0.21e 
0.17e 
yield3 
35 d 
4.58c 
7.63b 
13.44a 
4.58c 
7.98b 
13.07a 
1.94d 
3.52c 
2.01d 
Shoot/Root" 
14 d 
1.07e 
1.44d 
2.00a 
l . l le 
1.55cd 
2.05a 
1.80b 
1.60c 
1.56cd 
35 d 
0.68e 
0.81e 
l . l ld 
0.72e 
0.84e 
1.20d 
1.94c 
2.41b 
2.58a 
a
 Within columns, values followed by the same letter are not significantly different at the 5% level, 
according to Duncan's new multiple range test (DNMRT). 
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Table 2. Effects of AI and P on root morphological characteristics 
Treatment 
prA 1o.o 
P2~A I0.0 
P3~A 10.0 
Pl-Alo.4 
P2"A 10.4 
P3"A 10.4 
Pl-Ali.6 
P2-A'l.6 
P 3 - A 1 1.6 
Specific 
(m g"1 d 
14 d 
112b 
134a 
123ab 
107b 
110b 
97b 
45c 
39c 
38c 
length3 
.m.) 
35 d 
83a 
89a 
76a 
78a 
62b 
56bc 
40d 
45cd 
56bc 
Average 
(mm) 
14 d 
0.35c 
0.35c 
0.38c 
0.35c 
0.37c 
0.42b 
0.56a 
0.58a 
0.58a 
diameter3 
35 d 
0.37e 
0.37e 
0.41cd 
0.39de 
0.44c 
0.49b 
0.58a 
0.55a 
0.50b 
Specific 
(m2 k g 1 
14 d 
123b 
148a 
146a 
117b 
129b 
129b 
80c 
71c 
69c 
surface area3 
d.m.) 
35 d 
96b 
103a 
98ab 
96ab 
87bcd 
86bcd 
72c 
77cd 
88bc 
3
 Within columns, values followed by the same letter are not significantly different at the 5% level 
(DNMRT). 
P levels (P1 and P2), whereas effects of low Al on root respiration were not significant. 
Ha 2.4 H 
5 
•a 
'so 
^ 2 . 0 
I 1-6 
2 
'a, 
1.2 
0.285 0.570 1.140 
P level in solution (mmol plant-1 35-d"1) 
Fig. 1. Effects of P supply on root respiration 
by Al-tolerant sorghum (genotype SC0283) 
grown for 35 days at 0 (n), 0.4 (+) amd 1.6 
(A) mg Al L 1 . 
Aluminium and phosphorus distribution 
Aluminium in the plants was located 
mainly in the roots, and the accumulation 
of Al increased with increasing Al level 
in the nutrient solutions (Table 3). Plants 
accumulated much of the Al and P in/on 
their roots, particularly at the high levels 
of added Al and P. At the first harvest, 
for example, the amount of Al in the 
roots of plants grown at the high Al and 
P levels was 3-times that at the lower P 
levels (Pj and P2) and, by the second 
harvest, was 10-times greater. However, a 
considerable part of the Al and P in the 
roots (45 and 37%, respectively) was 
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Table 3. Aluminium and phosphorus distribution (mmol kg"1 d.m.) in sorghum (genotype SC0283) 
plants at various levels of Al and P 
Treatment 
prA1o.o 
JVA 'o.O 
^V^o.o 
prA1o.4 
P2~A 10.4 
P3"A 10.4 
Pl-Ali.6 
P2-A11.6 
P3-All .6 
1st harvest (14 d) 
Shoot 
Ala 
-
-
-
1 
1 
0 
2 
1 
1 
pb 
47f 
77e 
141d 
46f 
84e 
153cd 
170c 
245b 
351a 
Roots 
Ala 
-
-
-
5 
8 
8 
22 
22 
62 
pb 
48g 
63ef 
104d 
54fg 
72e 
119c 
98c 
135b 
224a 
2nd harvest (35 d) c 
Shoot 
Ala 
-
-
-
1 
1 
1 
1 
1 
1 
pb 
26c 
30c 
38c 
27c 
29c 
40c 
93b 
108b 
335a 
Roots 
Ala 
-
-
-
7(29) 
5 (40 ) 
5 ( 4 0 ) 
11 (36) 
13 (31) 
131 (45) 
p b 
29d ( 3) 
34d (15) 
39cd ( 5) 
30d ( 3) 
34d (15) 
46c (30) 
70b ( 7) 
76b ( 8) 
263a (37) 
a
 Data were not statistically analysed because mixed samples were used. 
b
 Within columns, values with the same letter are not significantly different at the 5% level (DNMRT). 
c
 Values between brackets represent desorbable proportion as percentage of total-Al and total-P. 
removable with 0.05 M H2S04. Whereas with the other Al-stressed plants, 29-40% of 
the Al was acid-extractable, the fraction of P that was desorbable from the roots was 
rather small, except for the plants supplied with high P. 
Phosphorus concentrations in shoot and roots of plants grown with the same P supply 
were not affected by the addition of 0.4 mg Al L , but were increased significantly by 
the addition of 1.6 mg Al L" . At the first harvest, both in the absence and presence of Al, 
internal P concentrations were increased as the P supply increased. At the second harvest, 
however, this effect was observed only at the highest P level. 
Phosphorus metabolism 
Phosphorus supply had a significant effect on the assimilation of P by the plants (Fig. 
2). Concentrations of the major P fractions (i.e. inorganic phosphate, nucleic acid-P, 
phospholipids and phosphate esters) usually increased as the P addition increased, but were 
not affected by an Al concentration of 0.4 mg L"1. On the other hand, severe Al stress (at 
1.6 mg Al L ) caused a significant increase in the concentrations of all P fractions. 
83 
NUCLEIC ACID-P 
S R S R 
0.4 1.6 
AI (mg L-1) 
Fig. 2. Effects of P supply (DP :; 0P 2 ; BP3) on major P fractions in shoot (S) and roots (R) of Al-
tolerant sorghum (genotype SC0283) grown for 14 days at various levels of Al in nutrient 
solution. 
Moreover, at the first harvest, plants grown in the absence of Al or at 0.4 mg Al L" 
tended to have higher concentrations of the major P compounds than those harvested on 
day 35 (data not shown). 
In general, the assimilation of P into the major organic-P fractions was proportional to 
the total-P absorbed. At the high level of Al, inorganic-P accounted for the majority of the 
total-P (64-78%) in the shoots of the first harvest. Under all other experimental conditions, 
however, the inorganic-P and nucleic acid-P together made up the bulk of the total-P (40-
57% and 27-39%, respectively), whilst lipid-P and ester-P accounted for only 10-12% and 
around 1%, respectively. 
Chemical composition 
At the first harvest, plant nutrient uptake was affected remarkably by both the Al and 
P supplies (Table 4). Under conditions of no or low (0.4 mg L"1) Al, significant increases 
in concentrations of total-N, K, Ca and Mg in the plant generally obtained by increasing 
the P-supply. Concentrations of total-N, Ca and Mg in the shoot, as well as Mg in the 
roots, were reduced at low Al supply. High Al stress further decreased the concentrations 
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Table 4. Effects of AI and P on nutrient concentrations in the shoot and roots of Al-tolerant 
sorghum (genotype SC0283) 
Treatment 
prA1o.o 
P2"Alo.O 
p3~Alo.o 
prA1o.4 
P2"A10.4 
P3"A10.4 
pl-Ali.6 
P2-All.6 
P3-All.6 
Nutrient concentration 
N 
Shoot Roots 
(mmol kg 
K 
Shoot 
1st harvest (14 d after transfer) 
2665d 
3046b 
3291a 
2463e 
2828c 
2971bc 
2208f 
2374ef 
2350ef 
2128de 
2397bc 
2601a 
2128de 
2215de 
2537ab 
2080e 
2269cd 
2098de 
71 Id 
960bc 
1087a 
715d 
922c 
1023ab 
634e 
690de 
673de 
d.m.)a 
Roots 
901c 
1112b 
1288a 
904c 
1083b 
1276a 
1030b 
1080b 
866c 
Ca 
Shoot 
78b 
77bc 
93a 
68d 
67d 
73bcd 
72bcd 
69cd 
71bcd 
Roots 
18cd 
20bcd 
24b 
16d 
18cd 
22bc 
22bc 
29a 
29a 
Mg 
Shoot 
48c 
62b 
76a 
30e 
42d 
47c 
28e 
28e 
29e 
Roots 
38b 
47a 
45a 
20d 
23cd 
24c 
20d 
25c 
24c 
2nd harvest (35 d after transfer) 
Fi-AÏQ.O 
P2"Alo.O 
P3"Alo.O 
prA1o.4 
P2"A10.4 
P3"A10.4 
Fl-Ali.6 
P2-Al!.6 
P3-All.6 
2581a 
2458a 
2589a 
2520a 
2447a 
2411a 
2246b 
2239b 
2142b 
1475d 
1666c 
1704c 
1745c 
1790c 
1946b 
2326a 
2295a 
2345a 
402c 
489c 
640b 
425c 
475c 
697ab 
687ab 
797a 
771a 
489f 
566e 
653d 
640de 
687d 
797c 
1066b 
1193a 
1143a 
171a 
151ab 
139b 
127c 
108cd 
85de 
61f 
51f 
65ef 
28a 
21b 
19bc 
20bc 
18bc 
20bc 
16bcd 
15cd 
16bcd 
69a 
63b 
63b 
36c 
37c 
36c 
23d 
21d 
25d 
22a 
20b 
23a 
16c 
16c 
19b 
14d 
15cd 
16c 
a
 Within columns, values followed by the same letter are not significantly different at the 5% level 
(DNMRT). 
of N and Mg in the shoot and severely depressed that of K. However, P supply had much 
less effect on the internal nutrient concentrations at the high Al level. 
At the second harvest, in the absence of Al and in the presence of 0.4 mg Al L"1 
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increasing P supply tended to enhance the concentration of K in the whole plant and that 
of total-N in the roots, but decreased the concentration of Ca in the shoot. The 
concentration of Mg in the whole plant and total-N in the shoot were less affected by P. 
At the high Al level, effects of P were very small. At corresponding P levels, root total-N 
concentrations increased with increasing Al in the nutrient solution, whereas in the shoot 
Al had no effect at the low level and a significant negative effect at the high level. The 
effect of low Al on root K resembled that on root total-N. Although low Al had no 
obvious influence on K in the shoot, at the high Al level K in both the shoot and roots 
was increased significantly. This was especially evident at the lower P levels (Pj and Pj). 
Magnesium concentrations in both the shoot and roots decreased as Al stress increased, 
as did Ca in the shoot. 
Nutrient uptake and proton extrusion 
Absorption of nutrient cations Ca (2(NH4+K+Ca+Mg+Na)absorbed) and anions Aa 
(2(N03+H2P04+S04+Cl)a b s o r b e d) was unbalanced (Fig. 3a). To compensate for this excess 
cation absorption, plants extruded protons from their roots into the solution. Because N 
was absorbed in large quantities, the NH4 /N03 uptake ratio had a major effect on the 
cation-anion balance and, thus, on the proton efflux. In general, the NH 4 /N0 3 uptake ratio 
tended to increase as the P concentration decreased or the Al concentration increased. 
From Pj to P3 the ratio was 1.33, 1.11 and 1.01 in the absence of Al; 1.49, 1.15 and 1.04 
at low Al; 1.48, 2.01 and 1.45 at high Al, respectively. Therefore, under conditions of low 
P-supply or high Al-supply excess cation uptake was induced mainly by preferential 
absorption of NH4 over N 0 3 . During the 
week before the final harvest, a greater 
root H-ion efflux was measured at the low 
P levels regardless of the Al concentration 
(Fig. 3b). This was especially true at the 
high Al level. 
^1000 
S 
y 800-
o 400 
S 
2 g- 200 
a o 
0 0.4 1.6 
AUmgi;1) 
Fig. 3. Effects of AI and P ( 0 P^ S P2; M P3) 
on (a) excess cation uptake (C^-A^; B), excess 
NH4 uptake (NH4-N03; • ) and (b) root H-ion 
efflux density by the Al-tolerant sorghum 
(genotype SC0283) plants. 
Discussion 
In this experiment with the Al-tolerant 
sorghum (genotype SC0283), the Al-P 
interactions were mainly exhibited in the 
effects on the growth pattern (shoot and 
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root biomass production and root morphology) and nutrient uptake of the plants. 
The Al-tolerant sorghum (genotype SC0283) was not affected in its biomass production 
by a low level of Al (0.4 mg L"1). At a low P-supply, and in the absence of Al or at a low 
Al level root growth was reduced less than shoot growth, probably because of preferential 
utilization of newly absorbed P by the roots. Even though low Al did not affect root dry 
matter yield, it did influence root morphology. On the other hand, a high level of Al (1.6 
mg L"1) inhibited root development to the point that a significant decrease in biomass 
production occurred. Relative to the effects of Al treatment, variation in P supply had 
only a minor influence on root morphology. This confirmed the conclusion of our previous 
report (Tan and Keltjens, 1990b) that P deficiency differs from Al toxicity in its effect on 
root morphology and shoot/root dry weight ratio. 
In order to explain the severe inhibition of plant growth at a high level of Al (1.6 mg 
L" ), extraordinarily in the case of high P-supply, the direct Al-P interaction was 
examined. At both harvests, a large accumulation of Al in close association with P 
occurred in/on the roots. At the high level of added P (1.140 mmol plant 35-d ), this 
accumulation was much greater than at lower P supplies (Pj and P2) and a rather large 
fraction of both the Al (45%) and P (37%) were removable with 0.05 M H2S04. Thus, it 
indicated that precipitation/adsorption of Al phosphate in the cortical free space or on the 
outer surface of the roots (Clarkson, 1966) may have occurred. It has been suggested that 
Al in roots would cause the formation of cross-linked pectins which strengthen the cell 
wall structure, thus preventing cell elongation (Foy et al., 1978), and inhibit cell division 
by forming unstable DNA (Sampson et al, 1965) or by preventing DNA replication via 
the formation of cross-linked polymers (Clarkson and Sanderson, 1969). Therefore, the 
enhanced accumulation of Al in/on the roots may be partially responsible for the poor root 
development and, thus, the decreased growth of the plants. 
With respect to internal P concentration, there was a significant interaction between Al 
and P. In general, low Al did not affect the distribution of P in the plants. High Al, on the 
other hand, enhanced the concentrations of both inorganic- and organic-P, which may be 
an accumulation artifact of suppressed biomass production. At all P levels, the plants still 
stored a significant amount of the total absorbed P in the inorganic form. The conversion 
of P into the major P fractions was rather proportional to the total-P uptake except for 
plants with both high Al and P supplies. Despite of the possibility of precipitation/ 
adsorption of Al phosphate in the roots at the high Al level, the plants also contained high 
levels of organic-P compounds in both roots and shoot. These results indicate that Al-
disturbed P absorption mechanism or reduced upward translocation and assimilation of P 
was unlikely, and Al-induced P deficiency (Foy et ah, 1978) could not account for the 
reduction in plant growth that was observed under high Al stress. However, the effects of 
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Al on the functioning of the organic-P compounds need further investigation. 
Root respiration at the final harvest was enhanced by increasing the P supply. This could 
benefit plant nutrient uptake. However, it is still obscure why high Al stress enhanced 
root respiration and further work is needed to elucidate the association between respiration 
and nutrient absorption by Al-affected roots. 
The Al-P interaction was also reflected in plant nutrient uptake. At the first harvest (14 
d), low Al did not affect the concentrations of total-N and K in shoot but, at high Al or 
low P, the concentrations of these nutrients were below critical levels (Lockman, 1972). 
This probably contributed to the detrimental effects of P-deficiency and Al-stress on plant 
growth. Later (35 d), a high external Al level resulted in K concentrations in the plants 
being increased significantly. It is still obscure, however, whether or not this was an 
accumulation (i.e. due to reduced biomass production) or stimulation (i.e. due to increased 
nutrient uptake) effect of the Al. 
Magnesium concentrations in the shoot and roots at both harvests and Ca in the shoots 
at the final harvest were significantly decreased as Al stress increased, but were relatively 
unaffected by P. Although Grimme (1984) concluded that the degree of Al toxicity in 
soybean was a function of Mg deficiency, with this Al-tolerant sorghum genotype even 
severe reduction in Mg uptake at a low level of Al did not affect its growth. Almost the 
same was true for Ca, but the effect of Al on Ca uptake was less than that of Mg. Thus, 
the efficiency of Mg and Ca use and the interaction of Al-Mg and Al-Ca in the plant need 
further study. 
The nutrient uptake pattern, i.e. total cation and anion uptake, was influenced by both 
Al and P. Excess cation uptake tended to increase with decreasing P supply and at high 
Al stress. This was caused primarily by preferential uptake of NH4 over N0 3 . In 
combination with Al-induced changes in root morphology, this gave rise to a higher root 
proton efflux density. It may make the plant also susceptible to Al if a rhizosphere can 
be formed. 
In summary, it was unlikely that the response to Al of the plants treated with low P-
supply was a result of Al-induced P-deficiency. Confirmation of this was provided by the 
positive effect of Al on the assimilation of P into the major organic-P fractions. Additional 
confirmation may be inferred from the observed differences in the symptoms of P-
deficiency and Al-toxicity (e.g. root morphology and shoot/root ratio). 
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Calcium-induced modification of 
aluminum toxicity in sorghum genotypes 
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Calcium-induced modification of aluminum toxicity in 
sorghum genotypes 
Abstract 
Effects of calcium (1, 2 and 5 mM) and aluminum (0, 15 and 45 \iM) on growth and 
internal nutrient concentrations were examined with 12 sorghum genotypes {Sorghum 
bicolor (L.) Moench) in a nutrient solution experiment with a factorial design. At 1 (or 
2) mM Ca the severity of root damage induced by Al well reflected the genotypical 
variation in growth response to Al toxicity. Severity of Al-induced root damage slightly 
decreased with increasing Ca level. Moreover, Ca at 5 mM amplified the Mg deficiency 
induced by Al, as seen from both heavier deficiency symptoms and lower internal Mg 
concentrations. Under conditions of Al stress at a high Ca supply, induced Mg deficiency 
apparently predominated the genotypical differentiation in growth response to Al toxicity. 
An antagonism between Al- and Ca ions for uptake was hardly found with the sorghum 
genotypes. However, the genotypes differed in Ca efficiency, a characteristic which may 
be relevant in assessing their sensitivity to Mg deficiency. 
Introduction 
Involvement of calcium nutrition in aluminum toxicity of several plant species has been 
well documented (Alva et al., 1986a, b; Noble and Sumner, 1988). Aluminum toxicity, 
a major growth limiting factor in many acid soils, is often expressed as a Ca deficiency 
(Foy, 1988). Increasing external Ca supply can counteract the antagonistic effect of Al on 
Ca uptake, thus eliminating Ca deficiency and the detrimental effect of Al on root 
elongation (Horst, 1987; Lund, 1970; Kinraide and Parker, 1987). However, studies on the 
Ca effect on Al toxicity often ignore interactions of Ca with other nutrients, especially Mg 
(Alva and Edwards, 1990). 
Previous experiments with 12 sorghum genotypes revealed an important role of Mg in 
the Al toxicity syndrome. Magnesium appeared to restore both Al-induced Mg deficiency 
(Tan et ah, 1992a) and Al-induced root impairment (Tan et al., 1992b). However, there 
was no clear relationship between biomass production and internal Ca concentration. In 
addition, two of the genotypes with the highest resistance against AI (SC0283 and SC574) 
tended to exhibit Ca-deficiency symptoms (Tan et al, 1992b). These observations are 
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inconsistent with a major role of Ca nutrition in the expression of Al toxicity of sorghum. 
Therefore, another experiment has been conducted in order to evaluate whether Ca 
nutrition affects Al toxicity in sorghum and, if so, whether this effect is direct (i.e. by 
improving the internal Ca status) or indirect (by interference with Mg and/or Al). 
Materials and methods 
Sorghum plants were grown in nutrient solutions in a growth chamber at 25°C, at a 
relative humidity of 75%, and with an illumination of 16 hours at a light intensity of 150 
W/m . Seeds of 12 sorghum genotypes were germinated in moist quartz sand. Seven-day-
old seedlings were mounted onto two covering plates with three seedlings each in nine 50-
L containers containing different aerated nutrient solutions. The experiment had a factorial 
design, incorporating three Ca levels (1.0, 2.0 and 5.0 mAf Ca added as CaS04) and three 
Al levels (0, 15 and 45 \*M Al added as A1C13). The solutions contained (mAf): 2.0 
NH4N03, 0.075 NaH2P04,1.0 K2S04, 0.25 MgS04 and trace elements (mg/L): 0.5 B, 0.5 
Mn, 0.05 Zn, 0.02 Cu, 0.01 Mo and 13.8 Fe as Fe-EDTA. The solutions were maintained 
at pH 4.2 by automatic titration with 0.05 M H2S04 and 0.1 M NaOH. Twice a week 
concentrations of NH4+, N03", Al, P, and K in the solutions were analysed and, if 
necessary, adjusted to the initial concentrations. Fourteen days after transplanting the 
plants were scored for the symptoms of Mg deficiency and Al-induced root injury 
(Grundon et al., 1987) by using five grades: l=no, 3=intermediate and 5=most severe 
symptoms. Then all plants were harvested for estimation of dry matter production and 
chemical analysis, following the procedure described earlier (Tan et al., 1992b). Data were 
evaluated by analysis of variance, followed by the Duncan's new multiple range test 
(DNMRT). 
Results and discussion 
Dry matter production 
Effects of the Ca concentration in nutrient solution on plant dry matter yield were 
different among the sorghum genotypes and Al treatments (Table 1). According to the Ca 
level at which maximum biomass was observed in the absence of Al, the genotypes were 
classified into a high Ca-efficient group (maximum at 1 mAf Ca; genotypes 3, 6, 7, 8, 10 
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Table 1. Dry matter yield of twelve sorghum genotypes grown in nutrient solutions containing 
different concentrations of Al (0, 15 and 45 \AM) and Ca (1, 2 and 5 xaM). Data of a genotype 
followed by the same letter are not significantly different at the 5% level (DNMRT). 
Ger 
No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
lotype 
Name 
SC0283 
SC574 
GP140 
B68 
SC689 
SC599 
BOK11 
CV323 
SC333 
RTx434 
TAM428 
NB9040 
Dry matter yield (g/3 plants) 
A1(0) 
Ca(l) 
1.69bc 
1.86ab 
1.76a 
1.77ab 
3.02a 
1.09a 
2.05a 
1.60a 
2.52a 
2.75a 
1.64a 
2.49a 
Ca (2) 
2.65a 
2.37a 
1.46ab 
2.55a 
3.11a 
0.70b 
1.81a 
1.04b 
2.59a 
2.62ab 
1.35ab 
2.73a 
Ca (5) 
1.87b 
1.51ab 
1.54a 
1.83ab 
2.17b 
0.43c 
1.34b 
0.63c 
3.14a 
2.23b 
1.24ab 
3.05a 
Al(15) 
Ca(l) 
1.69bc 
1.54ab 
0.99abc 
0.96bc 
1.22c 
0.41c 
0.97bc 
0.50cd 
0.82b 
0.68d 
0.52c 
0.46c 
Ca (2) 
1.88b 
1.62ab 
1.68a 
1.97a 
1.55bc 
0.73b 
l.lObc 
0.44cde 
2.10a 
1.50c 
0.84bc 
1.34b 
Ca (5) 
1.05d 
1.42ab 
0.76bc 
0.80c 
0.76c 
0.28cd 
0.82cd 
0.16de 
0.94b 
0.75d 
0.43c 
1.18b 
Al(45) 
Ca( l ) 
1.09d 
0.62b 
0.49c 
0.40c 
0.56c 
0.15d 
0.32e 
0.14e 
0.55b 
0.28d 
0.25c 
0.26c 
Ca (2) 
1.19cd 
1.22ab 
0.58c 
0.89bc 
0.82c 
0.18cd 
0.47de 
0.25de 
0.86b 
0.40d 
0.26c 
0.34c 
Ca (5) 
0.79d 
0.70b 
0.44c 
0.33c 
0.40c 
0.22cd 
0.34e 
0.23de 
0.63b 
0.37d 
0.26c 
0.43c 
Ca(mM) 
Figure 1. Relative dry matter yield of twelve 
sorghum genotypes grown at different Ca 
concentrations in the Al-absent solutions 
(biomass at 1 mM Ca=100%). 
and 11), a medium Ca-efficient group 
(maximum at 2 mM Ca; genotypes 1, 2, 4 
and 5) and a low Ca-efficient group 
(maximum at 5 mM Ca; genotypes 9 and 
12) (Figure 1). This indicates that 1 mM 
Ca was suboptimal for growth of the 
genotypes with a low or medium Ca 
efficiency. 
At 1 mM Ca, 15 [xM Al did not 
significantly affect the dry matter yield of 
genotypes 1, 2, 3 and 4 but reduced that 
of the others (Table 1). At 45 \xM Al, the 
biomass of all genotypes was reduced, but 
the biomass of genotypes 1, 2, 3 and 4 
was reduced by only a small degree. This 
Al sensitivity pattern of the genotypes 
resembled that observed in earlier 
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experiments with both soils and nutrient solutions (Tan et al., 1992a, b). In addition, 
increasing Ca concentrations in solutions remarkably modified the plant sensitivity to Al. 
At 2 mAf Ca, most genotypes were less sensitive to 15 \xM Al than at 1 or 5 mM Ca, e.g., 
the dry matter yield of genotypes 2, 3, 4, 6, 9 and 11 was not significantly reduced by 15 
\xM Al. At 5 mM Ca, AI toxicity was generally increased again. 
Interactions between AI, Ca and Mg 
Only weak competition was observed between Ca- and Al ions for ad/absorption in the 
roots of the genotypes. Aluminum accumulated mainly in the roots. The mean Al 
concentration in the roots of the 12 genotypes was hardly affected or even enhanced by 
increasing the Ca level. For example, when the Ca concentration in the solutions increased 
from 1 to 5 mM, the root Al concentration increased from 408 to 482 mg Al/kg at 15 \xM 
Al and from 3663 to 5100 mg Al/kg dry matter at 45 \tM Al. This increase might be 
explained by negative dilution due to severe growth inhibition (Smith, 1962). 
The mean concentration of Ca in the plants was hardly affected by the addition of Al 
to the nutrient solutions, and even increased with increasing Al concentration at 5 mM Ca 
(Figure 2). Increasing Ca level in the solutions generally decreased the internal Mg 
concentration of the genotypes in both the absence and presence of Al, indicating a 
negative effect of Ca on Mg uptake (Table 2). 
The weak competition between Al- and 
Ca ions for uptake by sorghum contrasts 
with their strong antagonism in many 
other plant species (Kirkby, 1979). On the 
other hand, a strong antagonism between 
Mg- and Al ions for uptake has been 
observed with the same sorghum 
genotypes (Tan et al., 1992b). 
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Figure 2. Mean concentrations of Ca and Mg 
in sorghum plants (with standard deviation 
among twelve individual genotypes) grown in 
the nutrient solutions containing different 
concentrations of Ca and Al. 
Analysis of growth inhibition 
During the growth period symptoms of 
Ca deficiency (Kawaski and Moritsugu, 
1979) were never recorded with any of the 
genotypes. Considering this together with 
the weak effect of Al on the internal Ca 
concentration, it seems unlikely that Al 
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Table 2. Concentration of Mg in the plants of twelve sorghum genotypes grown in nutrient 
solutions containing different concentrations of Al (0, 15 and 45 \xM) and Ca (1, 2 and 5 mM). 
Data of a genotype followed by the same letter are not significantly different at the 5% level 
(DNMRT). 
Genotype 
No. Name 
1 SC0283 
2 SC574 
3 GP140 
4 B68 
5 SC689 
6 SC599 
7 BOK11 
8 CV323 
9 SC333 
10 RTx434 
11 TAM428 
12 NB9Û40 
Plant Mg concentration 
A1(0) 
Ca(l) 
96a 
94a 
92a 
92a 
102a 
113a 
80b 
78a 
109a 
87a 
88a 
89a 
Ca (2) 
97a 
87b 
92a 
88ab 
87b 
101b 
89a 
71a 
99b 
84a 
70ab 
78ab 
Ca (5) 
83b 
84b 
79b 
80b 
83b 
89c 
77b 
69a 
83c 
65b 
61ab 
69bc 
(mmol/kg DM) 
Al(15) 
Ca(l) 
55c 
54c 
59c 
57c 
59c 
68d 
40c 
48bc 
55d 
49c 
52ab 
55cd 
Ca (2) 
45d 
49cd 
47d 
44de 
50d 
51f 
37cd 
52b 
52de 
47c 
45b 
40de 
Ca (5) 
38de 
39ef 
44d 
43de 
42d 
52f 
32cd 
46bc 
45ef 
36c 
36b 
36e 
Al(45; 
Ca( l ) 
36de 
44de 
46d 
48d 
42d 
59e 
38c 
40c 
33gh 
44c 
49b 
42de 
Ca (2) 
32e 
35f 
40d 
35e 
44d 
51f 
29d 
37c 
32h 
41c 
44b 
46de 
Ca (5) 
32e 
36f 
37d 
58c 
44d 
50f 
38c 
40c 
41fg 
42c 
70ab 
38de 
has induced Ca deficiency in the present 
experiment. In agreement with an earlier 
report (Tan and Keltjens, 1990), Al 
increased P uptake with all genotypes 
irrespective of the Ca level in solutions. 
For example, at 1 mM Ca the mean P 
concentration of the 12 genotypes was 
increased from 193 (0 yM Al) to 299 
mmol/kg dry matter at 15 \xM Al. There 
were also no symptoms of deficiency of P, 
N or K. On the contrary, symptoms of Mg 
deficiency were clearly observed on the 
leaves of Al-stressed plants. These 
symptoms were more severe as the Ca 
level increased (Figure 3). In the absence 
of Al, root development was not affected 
4-
3-
2-
1-
Mg Deficiency 
Al(uM) 
Figure 3. Mean score of Mg deficiency and 
root impairment in sorghum (with standard 
deviation among the individual genotypes) 
grown for 14 days under different regimes of 
Ca and Al in the nutrient solutions (l=no, 
3=intermediate and 5=most severe symptoms). 
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by Ca, consistent with the report of Wilkinson and Duncan (1989). Symptoms of 
Al-damaged roots appeared in most Al-treated plants. The severity of root impairment was 
only slightly decreased with increasing Ca level (Figure 3). In an earlier experiment with 
the same genotypes, additional MgS0 4 (2.5 instead of 0.25 mM) greatly restored 
Al-induced root damage (Tan et ah, 1992b). Thus, inhibition of Al-induced root damage 
must mainly be attributed to the Mg ion itself rather than to changes in speciation of Al 
brought about by the additions of CaS0 4 or MgS04 . This indicates that Ca is less efficient 
than Mg with respect to improving Al-damaged root development in sorghum. Generally, 
the Ca-induced modification of Al toxicity seems to be due to the effects of Ca on 
deficiency of Mg and on root impairment rather than to the Ca nutrition itself. 
Some genotypes were probably more sensitive than others to Mg deficiency. In an earlier 
experiment, the high Ca-efficient genotypes 3, 8, 10 and 11 responded positively to Mg 
while the low Ca-efficient genotypes 9 and 12 showed no or a negative response to Mg 
fertilization in an acid soil (Tan et ah, 1992a). It seems that the Ca-efficiency of the 
genotypes is positively related to their sensitivity to Mg deficiency. At an intermediate Ca 
level (2 mM), low and medium Ca-efficient genotypes could equally benefit from direct 
improvement in Ca nutrition, thus increasing their tolerance to Al toxicity. However, a 
high Ca level (5 mM) amplified Al toxicity with most genotypes by strengthening 
Al-induced Mg deficiency. Similarly, 
ammonium strengthened Mg deficiency 
with the same genotypes grown under Al 
stress conditions (Tan et ah, 1992c). 
Consistent with our previous report (Tan 
et ah, 1992b), at a low Ca level (1 mM 
Ca) the severity of Al-induced root 
impairment of the 12 genotypes well 
reflected their biomass sensitivity to Al 
(BS-A1; biomass ratio of minus Al/plus 
Al) (Figure 4). The minor beneficial effect 
of 2 mM Ca on root development might 
also partly contribute to increased Al 
tolerance of some genotypes, especially 
those with a high efficiency of Ca. 
However, the positive effect of 5 mM Ca 
on root development (Figure 3) was not 
reflected in the biomass production 
(Figure 4). At this Ca level, Mg deficiency 
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Figure 4. Biomass sensitivity to Al (biomass 
ratio of minus Al/plus Al) plotted against the 
score of Al-induced root impairment. The data 
on the twelve sorghum genotypes were 
separated for a high (main figure) and a low 
(inset) Al/Ca concentration ratio in the 
nutrient solutions. 
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induced by both Al and Ca probably overrules the positive effect of improved root 
development on growth response to Al. If the differences in the BS-A1 between the 
genotypes and between the Ca treatments (2 versus 5 mM Ca) are really related to the 
extent to which Al and/or Ca inhibits Mg uptake, it might be expected that differences in 
Mg uptake would be expressed by differences in plant Mg concentration. However, such 
an effect was not observed (Table 2). Apparently, plants dilute absorbed Mg down to 
minimum internal levels, independent of genotype and external Ca level. Nevertheless, in 
such a situation the biomass production will be controlled by the amount of Mg taken up. 
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Chapter 9 
Effect of nitrogen form on aluminum 
toxicity in sorghum genotypes 
Journal of Plant Nutrition 15: 1383-1394 (1992) 
With: Willem G. Keltjens and Günter R. Findenegg 
Effect of nitrogen form on aluminum toxicity in sorghum 
genotypes 
Abstract 
The effect of N form (NH4 or N03) on Al toxicity was examined with 12 sorghum 
(Sorghum bicolor (L.) Moench) genotypes grown on nutrient solution (pH 4.2). The 
negative effect of Al on dry matter yield after two weeks of growth was increased by 
NH4-N relative to NO3-N in some genotypes and decreased in others. In contrast, the 
negative effect of Al on internal Mg concentration and specific root length (SRL; m per 
g dry root) was generally lowered by NH4-N. Moreover, the utilization of the Mg taken 
up seemed to be negatively affected by NH4-N, as deduced from the occurrence of Mg 
deficiency symptoms. It was suggested that Al toxicity with the N03-grown plants was 
mainly expressed as root impairment (characterized by small SRL) and NH4-induced 
changes in growth response of sorghum plants to Al were due to a shift of growth control 
towards Mg deficiency. The modification of Al toxicity on dry matter production of 
individual genotypes, induced by N form, might depend on their relative sensitivities to 
both Mg deficiency and root impairment. 
Introduction 
In acid soils, ions of aluminum (Al), hydrogen (H) and ammonium (NH4) may affect 
plant growth. The combination of low pH and NH4-N is unfavourable for the growth of 
many plant species (Findenegg et al., 1982; 1986). In acid soils, nitrification may be 
inhibited and NH4 is often an important source of nitrogen (Raven and Smith, 1976). The 
chemical form in which N is taken up (N03 or NH4) plays a major role in the plant-
induced pH change in the rhizosphere (Findenegg et al., 1986; Gijsman, 1990; Nye, 1981; 
Smiley, 1974). Ammonium nutrition results in a considerable H-ion efflux from roots, 
increasing the solubility and toxicity of Al (Taylor and Foy, 1985). Therefore, the degree 
of Al toxicity in a soil may be much higher with NH4 than with N0 3 as the N source. 
From previous experiments, it has been concluded that Mg deficiency and impaired root 
development, as expressed in reduced root length (m per g dry root) are two independent 
effects of Al ions on sorghum genotypes, both potentially growth limiting (Tan et ah, 
1992a). Both root development and Mg uptake might be affected by Al (Tan et al, 1992b) 
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and N source (Arnozis and Findenegg, 1986; Keltjens, 1987). The main objective of this 
study was to examine whether Al toxicity in sorghum genotypes as expressed in growth, 
root development and Mg nutrition parameters is affected by N source, i.e., NH4 or N03. 
In order to establish the effect of N form and Al on sorghum genotypes in the absence of 
interferences as occurring in soils, a nutrient solution culture was used with controlled 
concentrations of Al-, N03- and NH4 ions at a constant pH (4.2). 
Materials and methods 
Seeds of 12 sorghum genotypes were germinated in moist quartz sand. Forty-eight 
uniform, 7-day-old seedlings were selected from each genotype and distributed over eight 
50-L plastic containers. Two plates with three seedlings each were placed in each 
container. 
In one half of the containers, NH4 was used as the only N source; in the other half, N0 3 
was the only N source. The different N sources were combined with two Al levels (0 and 
15 \xM Al). Each treatment was carried out in duplicate, i.e., there were two containers per 
treatment. The NH4-solutions contained (mM): 2.0 (NH4)2S04, 0.075 NaH2P04, 1.0 
K2S04, 1.0 CaCl2, 0.25 MgS04 and micro elements (mg/L): 0.5 B, 0.5 Mn, 0.05 Zn, 0.02 
Cu, 0.01 Mo and 13.8 Fe added as Fe-EDTA. The N03-solution was identical but 
contained equimolar concentrations of KN03 instead of (NH4)2S04 and of Ca(N03)2 
instead of CaCl2. The pH of the solutions was maintained constant at 4.2 by automatic 
titration with 0.05 M H2S04 (N03-solution) or 0.1 M NaOH (NH4-solution). 
The experiment was carried out in a growth chamber at 25°C and a relative air humidity 
of 75%. The plants were illuminated for 16 h per day at an intensity of 130 W/m . 
Concentrations of NH4, N03, P, Al and K in the nutrient solutions were analysed twice 
a week and, if necessary, adjusted to the initial levels. After 14 days of growth in the 
different nutrient solutions, plants were scored for Mg deficiency symptoms (i.e., 
interveinal chlorosis and brown spots on the old leaves). The following grades were used: 
l=no, 3=moderate and 5=most severe symptoms. Subsequently the plants were harvested 
and partitioned into shoots and roots. The roots were washed three times with 
demineralized water and dried between kleenex. Subsamples of 1 g fresh root material 
were taken to measure total root length. The remaining fresh roots and total shoot biomass 
were dried at 70°C, weighed and ground for chemical analyses. Methods for the 
determination of total-N, P, K, Mg, Ca and Al in the shoot and roots have been previously 
described (Keltjens and van Ulden, 1987). Data were statistically analysed by an analysis 
of variance. 
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Results 
Biomass sensitivity to Al in relation to N form 
Dry matter production (biomass) of the sorghum genotypes was affected by Al- and NH4 
ions (Table 1). Aluminum at 15 \xM reduced the mean biomass of all 12 genotypes by 
30% with NH4-N and 40% with N03-N. As found earlier (Tan et al, 1992b), Al 
sensitivity differed between the genotypes. 
In the absence of Al, NH4 generally decreased the biomass of most genotypes relative 
to N0 3 . This decrease was severe and significant, especially in genotype 1. The contrary 
was true with a few other genotypes, e.g., NH4 increased the biomass by 34% in genotype 
11. 
Moreover, the effect of Al on dry matter production was dependent on the N source. 
Relatively, biomass sensitivity to Al (BS-A1; dry matter yield minus Al divided by dry 
matter yield plus Al) was either decreased by NH4 by up to 40% (genotypes 10,5 and 12), 
Table 1. Dry matter yield (biomass) of twelve sorghum genotypes grown for 14 days on nutrient 
solutions with different sources of N and at Al concentrations of 0 (-) and 15 (+) \\M. Main 
effects of N and Al were examined with a F test (* and ** indicate the significance levels of <5 
and <1%, respectively) 
Genot 
No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
Mean 
We 
Name 
SC0283 
SC574 
GP140 
B68 
SC689 
SC599 
BOK11 
CV323 
SC333 
RTx434 
TAM428 
NB9040 
Biomass 
N0 3 
-Al 
3.63 
2.79 
2.28 
3.20 
4.58 
2.10 
3.45 
1.78 
3.79 
3.36 
2.71 
4.71 
3.20 
(g/6 plants) 
+A1 
4.10 
2.88 
2.81 
2.72 
3.29 
1.49 
1.99 
1.43 
2.47 
1.89 
1.68 
2.58 
2.45 
NH4 
-Al 
2.89 
2.70 
2.55 
2.94 
3.84 
1.77 
2.82 
2.03 
3.16 
2.56 
3.62 
3.58 
2.87 
+A1 
3.28 
2.38 
2.13 
2.58 
3.79 
1.34 
1.75 
1.27 
2.01 
2.39 
1.82 
2.65 
2.28 
Signifie 
of main 
N 
1 # * 
34 
44 
36 
88 
21 
31 
83 
20 
73 
34 
31 
ance level 
effect (%) 
Al 
7 
69 
84 
11 
41 
3 * 
3 * 
5 * 
3 * 
11 
4 * 
3 * 
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increased by up to 49% (genotypes 3, 8, 
11 and 2) or almost unchanged (other 
genotypes) (Figure 1). Thus, the Al 
sensitivity of the various genotypes was 
differently affected by the N form. 
Plant Mg status as influenced by N form 
and Al 
External Al significantly decreased the 
concentrations of internal Mg in nearly all 
genotypes (Table 2). Although there was 
considerable genotypical variation, the 
mean Mg concentration of the 12 
genotypes was higher with N03-N than 
with NH4-N in the absence of Al, but the 
Relative BS-A1 
1.8 -, 
1.6 -
1.4 
1.2 
1.0 -
0.8 
0.6 
0.4 
0.2 
0.0 J 
11 2 9 1 4 6 
Genotypes 
Figure 1. Effect of N source on biomass 
sensitivity to Al (BS-A1: dry matter yield 
-A1/+A1) of sorghum genotypes. The relative 
BS-A1 (BS-A1 with NO3/BS-AI with NH4) 
indicates whether BS-A1 is increased (<1), 
almost not influenced (=1) or decreased (>1) 
by NH4 relative to N03 . 
Table 2. Effect of N source and Al concentration (- and +A1: 0 and 15 \iM) in nutrient solutions 
on the concentration of Mg in twelve sorghum genotypes. Significance levels of <5% and <1% 
with a F test are marked with "*" and "**", respectively 
Genotype 
NO. Name 
1 SC0283 
2 SC574 
3 GP140 
4 B68 
5 SC689 
6 SC599 
7 BOK11 
8 CV323 
9 SC333 
10 RTx434 
11 TAM428 
12 NB9040 
Mean 
Plant 
N0 3 
-Al 
79 
72 
73 
66 
76 
85 
80 
65 
90 
65 
52 
67 
73 
Mg (mmol/kg DM) 
+A1 
45 
45 
46 
47 
48 
52 
44 
46 
52 
48 
47 
48 
47 
NH4 
-Al 
66 
71 
75 
66 
65 
78 
59 
60 
72 
65 
57 
64 
67 
+A1 
47 
59 
61 
51 
52 
56 
43 
48 
53 
44 
50 
42 
51 
Significance level (%) 
Main effect 
N Al 
3 * 
9 
Q * * 
27 
44 
66 
2 * 
58 
10 
57 
21 
14 
Q * * 
0 ** 
0 ** 
0 ** 
1 * * 
0 ** 
0 ** 
0 ** 
0 ** 
Q * * 
7 
0 ** 
Interaction 
N x Al 
^ ** 
6 
1 * * 
23 
16 
14 
3 * 
19 
7 
61 
71 
58 
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contrary was true in the presence of Al. The Al-induced reduction in the internal Mg 
concentration of most genotypes was greater with N03-N than with NH4-N, both 
absolutely and relatively. Therefore, NH4 interacted with Al with respect to their influence 
on the Mg status. 
The absence of deficiency symptoms and chemical analysis showed that nutrients other 
than Mg did not limit the growth of the plants. However, with the use of NH4-N, most 
genotypes showed moderate or severe symptoms of Mg deficiency, especially in the 
presence of Al (Table 3). Within the N03-grown genotypes there were almost no Mg 
deficiency symptoms observed, regardless of Al conditions. 
Root characteristics 
Aluminum inhibited root development in most genotypes by significantly reducing 
specific root length (SRL; Table 4). In the absence of Al, NH4 increased the SRL in some 
genotypes but decreased it in others. In the presence of Al, however, the SRL was 
generally decreased (by up to 39%) when the genotypes were grown with N 0 3 - instead 
Table 3. Score of Mg deficiency (l=no, 3=moderate and 5=most severe symptoms) of sorghum 
genotypes grown on nutrient solutions with different N and Al regimes. Significance levels of 
<5% and <1% with a F test are marked with "*" and "**", respectively 
Genotype 
No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
Mean 
Name 
SC0283 
SC574 
GP140 
B68 
SC689 
SC599 
BOKU 
CV323 
SC333 
RTx434 
TAM428 
NB9040 
Mg deficiency score 
N0 3 
-Al 
1.4 
1.1 
1.0 
1.0 
1.2 
1.4 
1.2 
2.8 
1.2 
2.4 
3.7 
1.0 
1.6 
+A1 
1.5 
1.9 
1.5 
1.0 
1.2 
2.3 
1.4 
1.2 
1.2 
1.4 
1.4 
1.1 
1.4 
NH4 
-Al 
2.0 
2.0 
2.3 
1.6 
2.4 
2.0 
2.3 
2.0 
1.4 
1.3 
2.5 
1.1 
1.9 
+A1 
1.9 
1.9 
2.0 
1.5 
2.3 
2.7 
2.9 
3.4 
3.2 
3.5 
3.8 
1.4 
2.5 
Significance level 
Main effect 
N 
2 * 
29 
27 
14 
0 ** 
5 * 
1 * * 
Q * * 
1 * * 
3 * 
5 * 
16 
Al 
86 
47 
49 
88 
75 
2 * 
18 
43 
i * * 
2 * 
8 
16 
(%) 
Interaction 
N x Al 
42 
29 
27 
88 
75 
56 
39 
Q * * 
1 * * 
0 ** 
Q * * 
51 
107 
Table 4. Specific root length (SRL) of sorghum genotypes as influenced by N form and Al 
concentration in nutrient solutions and the results of a F test (significance levels: * <5% and ** 
<1%) 
Geno 
No. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
Mean 
type 
Name 
SC0283 
SC574 
GP140 
B68 
SC689 
SC599 
BOK11 
CV323 
SC333 
RTx434 
TAM428 
NB9040 
SRL 
N0 3 
-Al 
209 
181 
210 
175 
199 
118 
157 
113 
146 
145 
110 
128 
158 
(m/g dry root) 
+A1 
161 
104 
107 
143 
72 
62 
60 
48 
58 
43 
48 
58 
80 
NH4 
-Al 
163 
184 
200 
154 
196 
182 
145 
152 
114 
118 
156 
112 
156 
+A1 
125 
123 
136 
157 
96 
94 
93 
74 
81 
56 
78 
65 
98 
Significance level 
Main effect 
N 
3 * 
24 
53 
80 
31 
5 * 
17 
34 
58 
51 
3 * 
83 
Al 
2 * 
o ** 
0 ** 
31 
Q * * 
2 * 
0 ** 
7 
n ** 
n ** 
0 ** 
4 * 
(%) 
Interaction 
N x Al 
72 
40 
20 
24 
21 
43 
2 * 
84 
2 * 
9 
55 
61 
of NH4-N. This type of interaction 
between N form and Al was especially 
significant with genotypes 7 and 9. 
Concentrations of Al in the roots of 
NCygrown plants (906±197 mg/kg DM) 
were much higher than those of the 
corresponding NH4-grown plants (391±88 
mg/kg DM) (Figure 2). Among the 
genotypes, however, there was no 
relationship between the increase in root 
Al concentration and the decrease in SRL, 
both of which were induced by N0 3 . In 
genotype 11, for example, N 0 3 increased 
the root Al concentration by 192% but 
increased the SRL sensitivity to Al by 
only 15% as compared to NH4. In 
SRL sensitivity to Al 
3.5 T 
3.0 
2.5 
2.0 
1.5 
1.0 
0.5 
0.0 
t==* 
- i — i — i — i — i — i — i — i — i — 
300 600 900 
"T 1 1 1 1 
1200 1500 
Root Al concentration (mg/kg DM) 
Figure 2. Root Al concentration and specific 
root length sensitivity to Al (SRL ratio of 
-A1/+A1) as influenced by N source (NH4: # 
and N03: O with genotype Number) at pH 
4.2. 
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Parameter 
Root AI concentration 
SRL sensitivity to Al 
Mg uptake sensitivity 
Mg deficiency score 
to Al 
Correlation 
coefficient (r) 
with BS-A1 
N0 3 
+0.60 * 
+0.69 * 
-0.26 
-0.24 
NH4 
+0.54 
+0.28 
-0.32 
+0.63 * 
genotype 7, these change rates were 91 Table 5. Coefficients of correlation (r) 
and 69%, respectively. between biomass sensitivity to Al (BS-A1) and 
different parameters of twelve sorghum 
Relationships among Al-sensitivities genotypes grown with N0 3 or NH4 as N 
source (significance levels: * <5% and ** 
There was no simple relationship °' 
between biomass sensitivities to Al of the 
NO3- and the NH4-grown genotypes. Root 
Al concentration and the BS-A1 were 
better correlated among the N03-grown 
compared to NH4-grown genotypes (Table 
5). Depending on the N source, Al 
toxicity was associated more closely with 
Mg nutrition or with root development. 
Although Al depressed the concentration 
of Mg in both N 0 3 - and NH4-grown 
plants, Al-induced changes in biomass were not simply a function of the internal Mg 
concentration. However, among the NH4-grown plants there was a significant correlation 
between the BS-A1 and the degree of Mg deficiency symptoms, but this was not true for 
the N03-grown plants. On the other hand, Al-induced changes in biomass (BS-A1) and in 
specific root length were significantly correlated only with the N03-grown plants. 
The N source affected the Al-sensitivities of biomass (BS-A1), the Mg nutrition and the 
root morphology of the genotypes sometimes in different ways. Thus, NH4 decreased the 
BS-A1 of genotypes 5, 10 and 12, a phenomenon which was in agreement with its 
diminishing effect on Al-induced root damage. The increase in the BS-A1 of genotypes 
3, 8 and 11 induced by NH4 was also in line with the enhanced degree of Mg deficiency 
symptoms. In the indifferent (or N form-independent) genotype 4, NH4 hardly changed 
the effect of Al on Mg concentration and root morphology. 
Discussion 
The reactions of the NH4- and N03-grown genotypes to Al are somewhat different from 
those reported earlier for NH4N03-grown plants (Tan et al., 1992b). Nevertheless, the 
genotypes 1, 2, 3 and 4 maintained more or less their Al tolerance characteristics. 
According to our earlier experiments (Tan et al., 1992a, b), the modifications of the 
responses of the individual genotypes to Al induced by the N source can be understood 
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in terms of its effects either on Mg nutrition or on root development. 
Role ofNH4 in modifying Al toxicity 
Plant Mg concentration was greater with N03- than with NH4-N, probably due to anion-
enhanced cation uptake. In the presence of Al, NH4-grown plants showed much more 
severe symptoms of Mg deficiency than did N03-grown plants with similar or even higher 
internal Mg concentrations, thus suggesting a lower Mg efficiency in NH4- compared with 
N03-grown plants. The contradicting changes in the degree of Mg deficiency symptoms 
and the internal Mg concentration induced by NH4 in many genotypes such as 8, 9 and 
11 indicate that NH4 affected the utilization of Mg, rather than its uptake. Therefore, Al 
sensitivity will be increased by NH4 in Mg-inefficient genotypes, where Al primarily 
reduces growth by inducing Mg deficiency. For example, NH4 enhanced the BS-A1 of 
genotypes 3 and 8, which showed high sensitivity to Mg deficiency with positive 
responses to Mg fertilization in an acid soil (pH 4.7; Tan et al., 1992a). 
The fact that NH4 enhanced the Al tolerance of root development in almost all genotypes 
was in agreement with a respective report on soybean (Klotz and Horst, 1988). With 
regard to dry matter yield, however, NH4 did not always increase Al tolerance. When 
growth control was prevailed by Mg deficiency {e.g., with the genotypes mentioned 
above), BS-A1 was strengthened by NH4. 
Role ofN03 in modifying Al toxicity 
The close correlation between BS-A1 and SRL sensitivity to Al in the N03-grown plants 
shows that root development is a good indicator of plant response to Al. Another report 
(Tan et al., 1992b) demonstrated this phenomenon for NH4N03-grown sorghum plants. 
In genotypes 10 , 12 and 5, in which the Al effects on the growth rate are dominated by 
root impairment rather than by Mg deficiency (Tan et ah, 1992a, b), N03 strengthened Al 
toxicity. In contrast, the Mg-inefficient genotypes could benefit from N03-N since NH4 
impaired the internal Mg utilization (see above). 
Nitrate-grown plants showed higher concentrations of Al in the roots than did NH4-
grown plants. This finding could be attributed to one of two reasons: 
First, the high root concentration of Al could be caused by precipitation/adsorption of 
Al in or on the roots due to apoplastic alkalization induced by OH-ion efflux coupled to 
the uptake of N03. The continuous control of external pH with the titration setup will 
probably not prevent small pH changes and formation of higher phytotoxic Al species in 
the free space and in the close vicinity of the roots. A higher pH could lead to an 
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enhanced root cation exchange capacity and to a shift in Al speciation towards Al-hydroxy 
ions with a lower charge. 
As a second possible cause, the Al increase could be traced to nitrate-enhanced uptake 
of Al (as electropositive counterions) and/or antagonism between NH4- and Al ions for 
ad/absorption. 
The phenomenon that N03 enhanced the accumulation of Al in the roots and at the same 
time strengthened root impairment has been observed with other species, too—with 
Holcus lanatus (McCain and Davies, 1983) and soybean (Klotz and Horst, 1988). 
However, the poor relationship between the root Al concentrations and the respective 
degrees of root impairment suggests that the growth impairment of roots is not a simple 
function of its Al accumulation. Speciation or localization of Al, as influenced by pH or 
N form, might severely affect the expression of its effect on root growth (Alva et ah, 
1986; Grauer and Horst, 1990). 
It is still unclear why impaired root development so closely reflected the dry matter 
production of N03-grown plants in the present and of NH4N03-grown plants in earlier 
experiments (Tan et ah, 1992b). Under the growth conditions in our experiment, no 
shortage of water and nutrients (except Mg) for the plants is to be expected. Differences 
in uptake and reduction of N03 between sorghum genotypes (Galvez and Clark, 1991; 
Keltjens and van Ulden, 1987) may be involved in differential growth responses to Al. 
These differential responses might be transferred from the roots to the leaves by means 
of some hormone signal (Pan et al., 1988). Various performance of Al-stressed plants 
grown under different N regimes may be of practical importance. Therefore, further 
studies are needed to reveal the physiological background of BS-A1 as influenced by N 
form. 
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Chapter 10 
Aluminum toxicity in sorghum genotypes 
as influenced by solution acidity 
Soil Science and Plant Nutrition 39: 000-000 (1993) 
With: Willem G. Keltjens and Günter R. Findenegg 
Aluminum toxicity in sorghum genotypes as influenced 
by solution acidity 
Key words: Al toxicity, Mg deficiency, root impairment, solution pH, sorghum genotypes. 
Abstract 
The effect of pH on Al toxicity in twelve sorghum (Sorghum bicolor (L.) Moench) 
genotypes differing in Al sensitivity has been studied in nutrient solution culture. Most of 
the genotypes showed negative growth response to both Al at 15 [xmol L"1 Al and H ions 
over the pH range 3.9-4.8 but there was no relationship between the sensitivities of the 
genotypes against H- and Al ions. At lower pH (3.9 and 4.2) Al appeared to be more toxic 
for the sensitive genotypes than at higher pH (4.5 and 4.8). This was not due to 
precipitation of Al at the higher pH as substantial deviation from the original Al 
concentration has been avoided by daily adjustment. At the lower pH values the 
genotypical growth response to Al was closely correlated to the Al-induced changes in 
both the visual score of root damage and the specific root length (root length per g dry 
root). In addition, Al severely decreased the uptake of Mg but hardly affected that of Ca 
and P. Aluminum inhibited the uptake of Mg stronger at the lower pH values. It was 
concluded that both manifestations of Al toxicity (root damage and Mg deficiency) may 
be attributed to the Al species dominant at low pH (Al ) while the contribution of H ions 
to these negative effects was marginal. 
Introduction 
Acidity greatly controls aluminum (Al) toxicity in plants (Alva et ah, 1986; Parker et 
al., 1988). Aluminum toxicity often occurs at soil pH below 5.0 (or 5.5) since Al 
solubility increases as the pH decreases (Foy, 1974). The pH where Al becomes toxic 
varies among different plant species (Wagatsuma and Ezoe, 1985). Moreover, plant growth 
is affected by acidity itself (Arnon and Johnson, 1942; Wilkinson and Duncan, 1989). Not 
only plant dry matter production, but also root development and nutrient uptake are 
affected by both Al- and H ions (Moore, 1974; Islam et al, 1980). 
According to prior experiments, acid-soil stress on sorghum (Sorghum bicolor (L.) 
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Moench) genotypes can be largely attributed to Al toxicity (Tan et al., 1992b). Contrary 
to many other plant species (Foy, 1974), growth inhibition with Al-stressed sorghum is 
hardly attributed to Al-induced deficiencies of P (Tan and Keltjens, 1990b) or Ca (Tan et 
ah, 1992c). Aluminum toxicity with sorghum was expressed differentially at different soil 
pH. At a high soil acidity (pH 4.3) root development was seriously impaired and there was 
a close correlation between the degree of root impairment and the reduction in dry matter 
yield with the various genotypes (Tan et al, 1992a). Deficiency of Mg was the most 
apparent nutrient disorder observed on the sorghum plants. It dominated the genotypical 
growth response to Al stress at pH 4.7. Increasing evidence shows the relevance of the Al-
Mg interactions also for other graminaceous species grown under conditions of Al stress 
(Grimme, 1983; Keltjens and Dijkstra, 1991; Rengel and Robinson, 1990). 
The shift in growth control of sorghum genotypes between pH 4.3 and pH 4.7 observed 
in soils may be due to changes in Al speciation and/or to different concentrations of either 
Al- or H ions. However, in soils effects of low pH and Al toxicity can not be separated. 
The aim of the present study was to examine the separate effects of pH and Al on yield, 
root extension and nutrient uptake by growing sorghum plants in nutrient solution. 
Materials and Methods 
Twelve sorghum genotypes differing in Al-sensitivity (Tan et al., 1992b) were used. 
Seeds were germinated and grown for seven days in moist quartz sand. Fourty eight 
seedlings from each genotype were selected and transplanted to eight 50-L plastic 
containers (two plates per container with three seedlings each). The chemical composition 
of the nutrient solution was (mmol L"1): 2.0 NH4N03 , 0.075 NaH2P04 , 1.0 K 2S0 4 , 1.0 
CaCl2, 0.25 MgS04 , including the micro elements (mg L"1): 0.5 B, 0.5 Mn, 0.05 Zn, 0.02 
Cu, 0.01 Mo and 13.8 Fe, added as Fe-EDTA. To half of the containers 15 umol L"1 
A1C13 was added. The treatments with and without Al were combined with four pH levels 
(pH 3.9, 4.2, 4.5 and 4.8). 
The preset levels of pH in the solutions were initially brought about by addition of 0.05 
mol L" H 2 S0 4 and maintained constant within 0.1 pH unit during growth with 0.10 mol 
L" NaOH by means of an automatic 16-channel titration unit. Solution samples collected 
daily from the containers were acidified to 0.08 mol L"1 H 2 S0 4 and the concentrations of 
NH4, N 0 3 , P, K, Ca, Mg and Al were analysed. The analytical results were subsequently 
used for adjustment of the nutrients in the solutions to initial levels. During the weekend 
the daily adjustments of the solution composition were interpolated. Deviations from the 
preset Al concentrations were negligible at pH 3.9 and 4.2, while at pH 4.5 and 4.8 the 
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mean daily decrease amounted to 1.51 and 5.07 ^irnol L" , respectively. The solutions were 
renewed one week after transplanting of the seedlings. 
The experiment was carried out in a growth chamber at 25°C and a relative air humidity 
of 75%. The plants were illuminated for 16 hours per day at a light intensity of 136 W 
m"2. Fourteen days after transplanting of the seedlings, plants were scored for symptoms 
of Al-induced root damage (l=normal: thin and white roots; 3=moderate; and 5=most 
severe symptoms: very stubby, brown or black roots) and Mg deficiency (l=normal green 
leaves; 3=moderate interveinal chlorosis on the older leaves; 5=severe chlorosis, brown 
spots, dry tip and edge on the old and younger leaves). Subsequently the plants were 
harvested and partitioned into shoot and roots. The roots were washed 3-times with 
demineralized water and dried between kleenex. Subsamples of 1 g fresh root material 
were taken for measurement of total root length using a Comair Root Length Scanner. By 
this scanner interruptions to the light source by roots on a relating sample disk are 
detected by a light sensor and analysed to calculate total length of the sample. The 
remaining fresh roots and the shoots were dried at 70°C, weighed and ground for chemical 
analyses. Plant material was digested with H2S04-H202-Se-salicylic acid (for Ca, P, and 
Mg) and with HN03-H2S04-HC104 (for Al). Magnesium, AI, Ca, K and P were 
determined in nutrient solutions and in the digests with an Inductively Coupled Plasma 
(ICP) spectrophotometer while NH4 and N 0 3 were determined colorimetrically. 
Speciation of Al in the nutrient solutions was calculated with a computerprogram for the 
calculation of speciation in soil-water AI activity (umol I;1) 
systems (ECOSAT; Keizer, 1991). For this 
calculation all main components of the 
nutrient solutions were taken into account, 
making use of the activity constants for 
different Al species reported by Lindsay 
(1979). The calculated initial activities of 
monomelic Al species are presented in 
Fig. 1. Activities of other Al species (not 
shown) in combination with the 
components in the solutions such as 
EDTA-A1, Al2(OH)24+, A1(S04)2" and 
Al(OH)4" are all less than 0.0003 umol 
L" . Experimental data were statistically 
analysed by an analysis of variance 
followed by the Duncan's New Multiple 
Range Test (DNMRT; P=0.05). 
5 i 
3 -
2 -
1 -
0 J 
Al(OH)+ 
AlSO} 
Fig. 1. Initial activities of monomeric Al 
species in the nutrient solutions at different 
pH. Levels of Al in the nutrient solutions 
were daily readjusted to the preset values 
during the whole period of growth of the 
sorghum plants. 
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Results 
Biomass production 
Dry matter yield of plants was affected by solution pH even in the absence of Al (Table 
1). With decreasing pH the biomass (i.e. dry matter) production of all genotypes 
decreased, but to a different degree. The genotypical differences in growth response to low 
pH differed from those in Al-sensitivity. For example, the Al-tolerant genotype 2 was 
relatively susceptible to H ions having at pH 3.9 a relative biomass of 53% of that at pH 
4.8, whilst the Al-sensitive genotypes 11 and 12 were only little susceptible to H ions with 
84-90% relative biomasses. 
The dry matter yield of the Al-tolerant genotypes (1-4) was hardly reduced by 15 u,mol 
L Al at any pH, whilst biomass of the Al-sensitive genotypes (5-12) was reduced by Al 
at low pH, but to variable degree. For example, Al reduced the dry matter yield of the Al-
sensitive genotype 10 by factors of 3.11 and 2.23 (ratio at -A1/+A1) at pH 3.9 and 4.2 but 
only by factors of 1.08 and 1.14 at pH 4.5 and 4.8, respectively. Thus, the negative effects 
of Al on growth became less or even disappeared at higher pH (4.5 and 4.8) and the 
Table 1. Dry matter yield of twelve sorghum genotypes grown on nutrient solutions at different 
pH and concentrations of Al (0 and 15 jimol L"1). Data on the same line followed by the same 
letter are not significantly different at the 5% level (DNMRT) 
Gen 
Nr. 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
otype 
Name 
SC0283 
SC574 
GP140 
B68 
SC689 
SC599 
BOK11 
CV323 
SC333 
RTx434 
TAM428 
NB9040 
Dry matter yield (g/3 plants) 
A1(0) 
pH3.9 
1.54b 
1.11a 
0.94a 
1.20a 
1.38c 
0.54b 
1.19cd 
0.55c 
1.68cd 
1.64b 
l. l lab 
2.10b 
pH4.2 
1.56b 
1.44a 
1.27a 
1.50a 
1.92bc 
0.72b 
1.75abc 
0.72b 
2.32b 
2.08a 
1.32ab 
2.95a 
pH4.5 
1.50b 
1.66a 
0.93a 
1.21a 
2.17ab 
0.70b 
1.43c 
0.73b 
1.07e 
1.43b 
1.00b 
2.23ab 
pH4.8 
2.07ab 
2.08a 
1.09a 
1.39a 
2.74a 
0.95ab 
2.12a 
1.02a 
2.56ab 
2.32a 
1.31ab 
2.32ab 
Al (15 nmol L"1) 
pH3.9 
1.72b 
1.44a 
1.37a 
1.73a 
1.42c 
0.55b 
0.84d 
0.38d 
1.71cd 
0.53d 
0.76b 
1.09c 
pH4.2 
2.57a 
1.36a 
1.31a 
1.46a 
1.39c 
0.49b 
1.34cd 
0.72b 
1.14de 
0.93c 
0.91b 
1.81bc 
pH4.5 
1.60b 
1.80a 
1.38a 
1.48a 
1.84bc 
0.47b 
1.51bc 
0.34d 
2.26bc 
1.32b 
1.31ab 
1.98b 
pH4.8 
1.68b 
1.78a 
0.98a 
1.98a 
2.10abc 
1.27a 
2.04ab 
0.64bc 
3.03a 
2.04a 
1.74a 
2.32ab 
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differences in growth between the Al-tolerant and -sensitive genotypes were more 
pronounced at lower than at higher pH. 
In some genotypes there were strong (either positive or negative) interactions between 
Al- and H ions on growth. For example, most of the Al-sensitive lines like genotypes 7, 
8, 10, 11 and 12 were more susceptible to Al at pH 3.9 compared to pH 4.2 but the 
genotypes 5, 6 and 9 behaved just reversally. 
Root development and nutrient uptake 
The effects of Al on root development were also dependent on the pH of the nutrient 
solution (Fig. 2). With increasing pH the Al-induced root damage, i.e. the degree of 
thickening, stunting and discoloration of roots, became less severe. Similar trends, 
although not significant, were observed with the specific root length (SRL; m per g dry 
root) of Al-stressed plants. In the absence of Al, however, the morphological 
characteristics were hardly affected by pH 
Score 
5
 ] Root damage 
4 
3 -
2 • 
1 
Mg deficiency 
1 
»c£i t 
1 
d A 
3.9 4.2 4.5 4.8 
SRL (m/g dry root) 
240 -\ 
180 -
120 
60 
0 -J 
3.9 4.2 4.5 4.8 
Root Al (mmol/kg DM) 
r 100 
1 
1 1 
JL; 
3.9 4.2 4.5 4.8 
r^r~i 
3.9 4.2 4.5 4.8 
60 
40 
20 
L
 0 
pH 
Fig. 2. Mean values of root Al concentration, 
scores of Al-induced root damage and Mg 
deficiency, and specific root length (SRL) of 
twelve sorghum genotypes grown at different 
pH in solutions with (E3) and without (D) Al. 
The line above the bar stands for the standard 
deviation of the individual genotypes. The 
root damage score of plants grown in the 
absence of Al was 1.0 for all genotypes and 
all four pH values. 
over the range 4.2-4.8. The SRL was 
somewhat decreased only at pH 3.9. The 
concentration of Al in the roots increased 
with increasing external pH. 
Aluminum rather than H ions induced 
symptoms of Mg deficiency with the 
sorghum plants (Fig. 2). The Al-induced 
Mg deficiency became more severe at 
lower pH. This corresponded with the Al-
inhibited uptake of Mg (per unit of plant 
biomass) with all genotypes (Table 2). 
The Mg uptake of genotypes was reduced 
by Al by factors varying between 1.48 to 
1.84, this inhibition being most severe at 
pH 3.9 and only slightly at pH 4.8. In the 
absence of Al, Mg uptake was insignifi-
cantly reduced with decreasing pH. 
Neither Al- nor H ions affected the uptake 
of Ca and P significantly and symptoms of 
Ca and P deficiency were not recorded at 
any treatment or genotype. 
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Table 2. Mean concentrations (with standard deviation among the individual genotypes) of Mg, 
Ca and P in whole plants of twelve sorghum genotypes grown at different pH in the nutrient 
solutions (in parentheses the concentration ratio at -A1/+A1) 
pH 
3.9 
4.2 
4.5 
4.8 
3.9 
4.2 
4.5 
4.8 
Al 
(umol L"1) 
0 
0 
0 
0 
15 
15 
15 
15 
Nutrient concentration 
Mg 
104±13 
107+13 
113+17 
121±19 
57+9 (1.84) 
63±8 (1.72) 
65±5 (1.74) 
82±9 (1.48) 
in whole plant (mmol kg 
Ca 
106+18 
116±11 
130±22 
124+15 
91±18 (1.18) 
110±28 (1.10) 
112±16 (1.15) 
115±16 (1.08) 
DM) 
P 
276±24 
331±30 
341±30 
300±27 
259+39 (1.09) 
279±44 (1.21) 
281±35 (1.22) 
308±32 (0.98) 
Correlation of various parameters with growth response to Al 
Only at pH 3.9 and 4.2 there was a significant correlation between the biomass 
sensitivity of the genotypes to Al (BS-A1; dry matter yield ratio at -A1/+A1) and their root 
development expressed as either root damage score or SRL sensitivity to Al (Table 3). In 
the presence of Al the Al-sensitive genotypes generally showed more severe root 
impairment and at the same time stronger growth inhibition than the Al-tolerant ones. 
Table 3. Coefficiency of correlation (r) between biomass sensitivity to Al and different parameters 
of twelve genotypes grown at different pH in nutrient solutions. Sensitivities of SRL, PMg, PCa 
and PP to Al represent ratios of specific root length, plant Mg, Ca and P concentrations at 
-A1/+A1. Values of r followed by "*" or "**" are significant at the 5% or 1% level 
Independent 
variable 
Root damage score 
SRL sensitivity to Al 
Mg deficiency score 
PMg sensitivity to Al 
PCa sensitivity to Al 
PP sensitivity to Al 
Correlation 
pH3.9 
0.79 ** 
0.76 ** 
0.71 * 
0.15 
-0.25 
0.05 
coefficiency (r) 
pH4.2 
0.73 ** 
0.72 ** 
0.43 
0.22 
0.05 
0.39 
pH4.5 
0.47 
0.11 
0.15 
-0.32 
0.42 
-0.02 
pH4.8 
-0.02 
-0.19 
-0.02 
-0.21 
-0.33 
-0.24 
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There was no close relationship between the BS-A1 and the Al sensitivities of Mg, Ca and 
P uptake per unit plant biomass. However, at pH 3.9 the BS-A1 and the score of Al-
induced Mg deficiency were positively correlated. 
Discussion 
In the absence of Al growth was depressed at low pH, indicating a sensitivity of the 
plants to H ions. The growth reduction brought about by H ions (pH 3.9 versus 4.8) and 
by 15 [xmol L Al were both of a similar order of magnitude. Compared to the solution 
suctioned out of an unlimed acid soil used in previous work (Tan et al., 1991), the pH 
values of the present nutrient solutions were similar but at pH 3.9 the Al concentration 
was only about one-ninth. Moreover, the effects of H ions in nutrient solutions on root 
structure and on nutrient uptake were negligible whilst corresponding effects of Al were 
pronounced and resembled the expression of acid-soil stress reported earlier (Tan et al., 
1992a). Therefore, acid-soil stress may mainly be attributed to Al rather than to H ions. 
The relationship between root development and BS-A1 at the different pH values 
indicates that the degree of root impairment reflects growth of the different genotypes only 
at low pH. This is consistant with our earlier conclusion that root development directly 
reflects genotypical growth response to stress only in very acid soils (Tan et ah, 1992a). 
In agreement with the findings of Wagatsuma and Ezoe with other crops (1985), root Al 
concentrations of sorghum increase with increasing solution pH. This could be due to (I) 
an increased precipitation of Al-hydroxides, Al-phosphates in the root; (II) a higher root 
cation-exchange capacity; (III) a decrease in the charge of Al species; and (IV) less 
competition between H- and Al ions for uptake. The high Al accumulation in the roots at 
pH 4.8 almost did not result in impaired root development. However, the N03-induced 
Al accumulation in the roots of the same genotypes was positively correlated with their 
degree of root impairment (Tan et ah, 1992d). This phenomenon suggests that solution pH 
and N form affect the relation between root-Al and its toxicity in different ways so that 
the degree of root damage of Al-stressed plants is not a simple function of the Al 
accumulation in the roots. 
The negative effects of Al on root development generally increased with decreasing pH 
of the nutrient solution. This might at least partly be due to an increase in the portion of 
the most phytotoxic Al species at low pH. The dramatical difference in plant response to 
Al at various pH values (Fig. 2) could hardly be explained by the minor deviation of the 
total Al concentration in solution. Within a similar pH range as used in this study, 
monomeric Al species rather than polymeric Al were indicated as being responsible for 
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the toxic effect of Al on root growth (Blarney et ah, 1983). As the severity of Al-induced 
root damage runs parallel with changes in the activity of Al3+ in solution (Fig. 1, 2), this 
Al species seems to play an important role in toxicity (Parker et ah, 1988; Tanaka et ah, 
1987). The same applies to A1(S04)+; but this species has been demonstrated to have a 
low toxicity for plants (Noble et ah, 1988; Tanaka et ah, 1987; Wagatsuma and Kaneko, 
1987). The conclusive identification of the most rhizotoxic Al species is problematic 
(Kinraide, 1991). The weaker effect of Al on SRL at pH 3.9 compared to pH 4.2 (Fig. 2) 
might be explained among others by a possible H-Al competition (Grauer and Horst, 
1990). 
According to the internal concentrations and symptoms observed (Grundon et al, 1987), 
deficiency of Mg rather than of Ca or P is involved in the effect of Al toxicity at the pH 
range 3.9-4.8 with the sorghum plants. The negative effect of Al on Mg nutrition was also 
increased at lower pH values, resembling its effect on root structure. Therefore, the above 
argument is again applicable and Al + is a most likely candidate for causing both these 
negative effects on sorghum plants. 
The predominance of Mg deficiency in growth control at a higher pH as found earlier 
on an acid soil (Tan et ah, 1992a) was not corraborated in the present experiment with 
nutrient solution. This might be attributed to the difference in properties of the two growth 
media. The Mg concentrations in the soil and nutrient solution were 700 and 250 [xmol 
L , respectively, but the internal Mg concentrations were higher in plants grown on 
nutrient solutions than in soil-grown plants (Tan and Keltjens, 1990a; Tan et ah, 1991; 
1992a). It appears that there is a greater chance for Mg deficiency in soil-grown plants. 
In nutrient solution experiments, recently carried out at our laboratory, this aspect has been 
further exploited by closely simulating acid soil conditions and separating the effects of 
root damage and Mg deficiency on growth (Tan et ah, 1993). 
The closer relationship between the BS-A1 and the score of Mg deficiency at pH 3.9 
compared to that between the BS-A1 and the Al-induced reduction in plant Mg 
concentration (Table 3) implicates an involvement of the genotypical internal use 
efficiency for Mg in growth response to Al. Positive effects of increasing Mg supply in 
nutrient solution on growth of the Al-stressed plants have been reported earlier (Tan et ah, 
1992b). However, these positive effects of Mg were not only achieved by overcoming Mg 
deficiency but also by reducing the degree of root damage of the plants. 
To summarize, both toxic effects of Al on sorghum, root impairment and Mg deficiency, 
were most pronounced at low pH and were therefore probably caused by the Al species 
dominant at low pH, Al . Hydrogen ions did not substantially contribute to acid-soil 
stress on sorghum but may modify the toxicity of Al. 
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Chapter 11 
Evaluating the contribution of magnesium 
deficiency in the aluminium toxicity 
syndrome in twelve sorghum genotypes 
Plant and Soil (1993; in press) 
With: Willem G. Keltjens and Günter R. Findenegg 
Evaluating the contribution of magnesium deficiency in 
the aluminium toxicity syndrome in twelve sorghum 
genotypes 
Key words: aluminium toxicity, genotypes, magnesium deficiency, nutrient solution, root 
damage, Sorghum bicolor (L.) Moench 
Abstract 
The contribution of Mg deficiency to Al stress in twelve different sorghum {Sorghum 
bicolor (L.) Moench) genotypes was investigated in nutrient solution culture under 
conditions of low Mg supply (between 50 and 1000 \xM) at two pH values. At pH 4.2, 30 
\xM Al strongly inhibited Mg uptake. When dry matter yield was plotted as a function of 
the plant Mg concentration, similar response curves were obtained in the absence and the 
presence of Al with three genotypes. With many other genotypes dry matter yields of the 
control (without Al treatment) and Al-stressed plants were remarkably different at similar 
internal Mg concentrations, suggesting that growth had been suppressed not by Mg 
deficiency but by another factor, i.e. Al-induced root damage. At pH 4.8, 30 \\M Al hardly 
induced root damage but reduced Mg uptake and Al-induced Mg deficiency could almost 
completely account for the growth reaction of all genotypes. Therefore, at this pH the 
efficiency of uptake or use of Mg in different genotypes was the basis of their respective 
susceptibility to Al toxicity. When specific root length surpassed a certain critical range 
below 80-100 m per g dry root, growth control by Al-induced Mg deficiency was nearly 
abolished. The pH and Al concentration where this range was reached depended on the 
Al sensitivity of the genotypes. 
Introduction 
The effects of Al on plant growth are of a complex nature (Fageria et ah, 1988; Taylor, 
1991). In the literature most emphasis has been paid to Al-induced root damage resulting 
in characteristically stubby and discolorated roots. The degree of root damage has 
sometimes been correlated with the effect of Al on dry matter yield (Duncan et ah, 1983). 
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Factors like pH (Moore, 1974; Wagatsuma and Ezoe, 1985) and supply of Ca (Horst 1987; 
Rechcigl et al., 1986), Mg (Keltjens and Dijkstra, 1991; Rhue and Grogan, 1977) and P 
(Alva et al., 1986; Tan and Keltjens, 1990b) can modify the Al-induced root damage. It 
was shown that specific root length (SRL; m g"1 dry root) well corresponds with the 
degree of root damage (Tan et ah, 1992b). 
In addition, effects of Al on the nutrient status of plants have been established. 
Impairment of the Ca- and P nutrition of plants by Al has long been known (Foy, 1974). 
In recent years effects of Al on the Mg status of plants have received more and more 
attention (Grimme, 1983; Rengel and Robinson, 1990; Blarney et al, 1992). 
When sorghum genotypes were planted on an acid soil, growth responses of the 
individual genotypes to Mg fertilization and to liming were not correlated (Tan et al., 
1992a). Detailed studies have revealed that under a given set of conditions growth of some 
genotypes was limited by Mg deficiency while that of others was limited by an unknown 
process. The degree of growth inhibition caused by the latter factor was well correlated 
with SRL. The relative importance of the two types of growth limitation was pH-
dependent: at high soil acidity (pH 4.3) growth response of the genotypes was more 
closely related to SRL than to plant Mg status whereas at moderate soil acidity (pH 4.7) 
it was only related to Mg deficiency. 
In experiments with nutrient solution the degree of Al-induced root damage decreased 
with increasing pH in the range 3.9-4.8. The same was observed for Al-induced Mg 
deficiency, although the pH dependence of the latter process was less pronounced (Tan 
et ah, 1993). Thus, the effect of the pH on root damage was in line with the pattern earlier 
observed on soil. However, there was a quantitative difference with respect to Mg 
deficiency. At a soil pH of 4.7 there was a measurable effect of Mg nutrition on dry 
matter yield of the genotypes, whereas at a similar pH in nutrient solution this effect could 
not be noticed. The Mg concentrations in the soil solution and nutrient solution of those 
experiments were 700 and 250 \xM, respectively, but the Mg concentrations in the plants 
grown on nutrient solutions were generally higher compared to the soil-grown plants (Tan 
and Keltjens, 1990a; Tan et al., 1991; 1992a). This might be due to physical and chemical 
differences between these two rooting media, apparently leading to relatively high Mg 
concentrations in plants grown on nutrient solution with low Mg supply and, just contrary, 
to Mg deficiency in soil-grown plants. 
Because of this difference in Mg uptake it was impossible to predict the response of soil-
grown genotypes to Mg fertilization from the results obtained from earlier solution 
experiments. Therefore, it has been tried in the present study to approach the Mg nutrition 
of soil-grown plants more closely by decreasing the Mg concentration in the nutrient 
solution. Growth and Mg nutrition as affected by Al have been studied at low Mg supply 
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at two pH values (4.2 and 4.8). To obtain an overlap of internal Mg concentrations with 
plants grown both in the absence and presence of Al, Mg supply of the Al-stressed group 
was higher. By doing so it was possible to interpret the reaction of the individual 
genotypes to liming and to Mg fertilization in the earlier soil experiment more 
quantitatively and to better understand the separate contribution of Mg deficiency to Al 
toxicity. 
Materials and methods 
Seven-day old seedlings of twelve sorghum (Sorghum bicolor (L.) Moench) genotypes, 
germinated and grown in moist quartz sand, were transferred onto a series of 50-L 
containers (of each genotype two plates per container with three seedlings each plate). 
Subsequently plants were grown in a growth chamber at 25°C, at a relative air humidity 
of 75% and at a light intensity of 153 W m"2 (HPL lamps) during 16 hours per day. 
In the first experiment (Exp. I), thirty six seedlings from each genotype were planted in 
six containers with different nutrient solutions at pH 4.2. In half the containers 30 \xM Al 
were added as A1C13. Concentrations of Mg were 50, 100 and 150 uAf (added as MgS04) 
in the solutions without Al and 200, 400 and 700 \xM in the solutions with Al. All nutrient 
solutions contained (mM): 2.0 NH4N03, 0.075 NaH2P04, 1.0 K2S04,1.0 CaCl2 and trace 
elements (mg L"1): 0.5 B, 0.5 Mn, 0.05 Zn, 0.02 Cu, 0.01 Mo and 13.8 Fe as Fe-EDTA. 
The pH of the solutions was initially brought to pH 4.2 by addition of 0.05 M H2S04 and 
later on maintained there by automatic titration with 0.1 M NaOH. 
The second experiment (Exp. II) was conducted in a similar way but the pH of the 
nutrient solutions was 4.8 instead of 4.2 and the Mg levels were 50 and 100 \xM in the 
absence of Al and 100 and 1000 \iM in the presence of Al (30 piM). In both experiments, 
all solutions in the containers were replaced one week after transplanting. Concentrations 
of Al, Mg, P, NH4, NO3, Ca, K and Fe in the nutrient solutions were determined five 
times a week and, if necessary, adjusted to the initial levels. At pH 4.2, the maximum 
deviation of the Al concentration was about 10% and at pH 4.8, about half the initial dose 
of Al had to be added daily in order to keep the Al concentration on its preset value. 
Fourteen days after transplanting, plants in both experiments were harvested and the 
degree of Mg deficiency and Al-induced root damage (Grundon et al., 1987) was 
compared between the twelve genotypes and visually scored on a scale gradually 
increasing from 1 to 5. On the scale "1" represents normal green leaves (Mg deficiency 
score) or long, thin and white roots (root damage score); "3" moderate symptoms and "5" 
severe chlorosis, brown spots, dry tip and edge on the old and younger leaves (Mg 
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deficiency score) or very stubby, brown or black roots (root damage score). Subsamples 
of 1 g fresh root were taken from plants of each plate to measure total root length using 
a Comair Root Length Scanner. Then all plants were harvested for estimation of dry 
matter production and chemical analysis. In nutrient solutions and plant digests 
concentrations of Mg, AI, Ca, K, P and Fe were determined with an Inductively Coupled 
Plasma (ICP) spectrophotometer while NH4 and N 0 3 were analysed colorimetrically. 
Results 
Growth constraints of Al stress at pH 4.2 (Exp. I) 
At similar internal Mg concentrations, brought about by various levels of Mg supply, dry 
matter yields of plants grown in the absence or presence of Al were almost the same with 
genotypes 1, 2 and 8 (Fig. 1). This means that at pH 4.2, Mg deficiency could almost 
Dry matter yield (g/3 plants) 
1 • 
SC0283 Nr. 1 
GP140 Nr. 3 
SC689 Nr. 5 
RTX434 Nr. 10 
40 
,'S-
SC574 Nr. 2 
B68 Nr. 4 
BOK11 Nr. 7 
TAM428 Nr. 11 
CV323 Nr. 8 
SC599 Nr. 6 
SC333 Nr. 9 
NB9040 Nr. 12 
80 120 0 40 80 
• • / / 
120 0 40 80 120 
Plant Mg concentration (mmol/kg DM) 
Fig. 1. Dry matter production of twelve sorghum genotypes versus internal Mg concentration. 
Plants were grown on nutrient solutions (pH 4.2) containing 50, 100 and 150 \iM Mg in the 
absence of Al ( ) and 200, 400 and 700 \\M Mg in the presence of 30 [iM Al ( ). (Exp. I) 
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completely account for the Al-induced 
growth inhibition with these genotypes. 
The dry matter production of genotype 1 
seemed even to be increased by Al at high 
internal Mg concentrations. However, with 
many other genotypes a big gap in dry 
matter yield was observed between 
controls (without Al treatment) and Al-
stressed plants at similar internal Mg 
concentrations. Therefore, in these 
genotypes the adverse effect of Mg 
deficiency on growth was dominated by 
another growth limiting factor. 
Under the experimental conditions (pH 
4.2) both Al and low Mg supply induced 
symptoms of Mg deficiency but only Al 
induced damage of the roots (Fig. 2). 
Increasing Mg supply in the solutions 
reduced the severity of Al-induced Mg 
deficiency but did not change the degree 
of Al-induced root damage. The dry 
matter yield of the genotypes was closely 
correlated with their score of root damage 
(r^O.53, 0.88 and 0.78 at 200, 400 and 
700 \AM Mg, respectively, all P<0.01). 
This indicates that inhibition of Al on 
growth was well reflected by Al-induced 
root damage. 
Similarities between Al toxicity and Mg 
deficiency at pH 4.8 (Exp. II) 
At pH 4.8, both the presence of Al and 
deficient supply of Mg induced visual 
symptoms of Mg deficiency and reduced 
dry matter production with most genotypes 
(Fig. 3) but hardly induced root damage 
Score 
5 1 Mg deficiency 
I 
1 
Root damage 
50 100 150 200 400 700 Mg (yM) 50 100150 200 400 700 
Al(yM) 0 30 30 
Fig. 2. Calculated averages of scores of root 
damage and Mg deficiency in twelve sorghum 
genotypes (with standard deviation of the 
individual gentoypes) as influenced by 
different concentrations of Al and Mg in the 
nutrient solutions at pH 4.2. (Exp. I) 
Biomass sensitivity to A] toxicity 
3 • 
y=0.524+0.935x 
.2=0.672" 
50 100 100 Mg (jiM) 
0 0 30 Al (pM) 
i l i i 1 1 1 1 1 l 
0 1 2 
- 1 1 
3 
Biomass response to Mg deficiency in the absence of Al 
Fig. 3. Relationship between biomass 
sensitivity to Al toxicity (dry biomass ratio of 
-A1/+A1 at 100 (iMMg) and biomass response 
to Mg deficiency in the absence of Al (dry 
biomass ratio of 100/50 uAf Mg) of twelve 
different genotypes (Ns. in the graph) grown 
at pH 4.8. The insert shows the mean score of 
Mg deficiency of the twelve genotypes and its 
standard deviation. (Exp. II) 
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Plant Mg concentration (mmol/kg DM) 
Fig. 4. Plant Mg concentration and dry matter 
yield of twelve sorghum genotypes grown at 
pH 4.8: A. in the absence of Al at 50 (•) and 
100 uAf Mg (Nr. in circle), linked mutually 
by a solid line and B. in the presence of 30 
uAf Al at 100 uMMg (Nr.), linked to the -Al 
treatment by a broken line. (Exp. II) 
(data not shown). With respect to the Dry matter yield (g/3 plants) 
biomass (dry matter) production, Al 3 ' 
sensitivity of the twelve genotypes was 
significantly correlated with their response 
to Mg deficiency in the absence of Al. 2 -
The scores of Mg deficiency induced by 
both the presence of Al and low Mg 
concentration in solution were closely i -
correlated (r^O.836; P<0.01). This ; 
indicates that at pH 4.8, most of the 
variable reduction in dry matter yield of
 Q . 
the genotypes grown in the presence of Al 
could be attributed to their susceptibility 
to Al-induced Mg deficiency. This was 
also confirmed by a linear relationship 
between dry matter yields and internal Mg 
concentrations within most of the 
individual genotypes, no matter whether 
grown in the presence of Al or at deficient 
Mg supply (Fig. 4). 
There were differences in the efficiency of uptake and use of Mg between the genotypes 
at pH 4.8 (Fig. 4). In the absence of Al, for example, genotype 4 absorbed nearly as much 
Mg (per unit dry mass and per plant) at 50 \\M Mg as did genotype 11 at 100 \xM Mg. 
Thus, genotype 4 appeared to be more efficient in Mg uptake than genotype 11. On the 
other hand, the use efficiency (biomass production at a certain internal Mg concentration) 
of the genotypes 3, 6 and 8 was much lower than that of the genotypes 4 and 11. The 
susceptibility of the genotypes to Mg deficiency as dependent on their uptake and 
utilization efficiency was apparently the basis of difference in their sensitivity to Al 
toxicity at this pH. 
Growth control 
As mentioned above, the contribution of induced Mg deficiency in growth response to 
Al was dependent on pH and on genotype. This might be due to the degree of root 
damage of the individual genotypes under the particular conditions. From Fig. 5 it can be 
seen that a pronounced stimulation of dry matter yield by increased Mg supply (as 
indicated by the arrows) only occurred when specific root length (SRL) exceeded values 
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of about 80-100 m g"1 dry root. For 
example, the dry matter yield of genotype 
6 was increased at increased Mg supply 
only when its SRL was above that critical 
range. 
Discussion 
In the present study with nutrient 
solutions, the twelve sorghum genotypes 
behaved similarly as in the soil experiment 
reported earlier (Tan et ah, 1992a). An 
improved internal Mg status brought about 
by increasing Mg concentrations in 
solution hardly affected the dry matter 
yield with most genotypes at pH 4.2 but 
did at pH 4.8. This was in agreement with 
the growth responses to Mg fertilization in 
unlimed and limed soils (pH 4.3 and 4.7, 
respectively). Apparently, the present 
combination of pH, Al concentration and Mg supply resulted in a situation causing a 
similar behaviour of the genotypes as observed in acid soil. 
The lack of growth response to an improved Mg status at pH 4.2 as observed with most 
genotypes seems inconsistent with the positive effect of Mg on dry matter yield reported 
earlier (Tan et ah, 1992b). However, in the earlier experiment the Mg concentration in the 
nutrient solution was increased up to 7.5 mM which alleviated both Al-induced Mg 
deficiency and root damage. In the present experiment the Mg concentration was only 
increased to 700 \xM and root damage was hardly counteracted (Fig. 2). Apparently, the 
small increase in external Mg concentration could only offset the antagonistic action of 
Al on Mg uptake (Rengel and Robinson, 1990) but could not counteract the Al-induced 
root damage, the latter counteracting effect has been reported earlier for Ca (Hairiah, 
1992; Horst, 1987) and Mg (Keltjens and Dijkstra, 1991; Kinraide and Parker, 1987). Plant 
growth would be suppressed as long as Al-induced root damage is severe (high damage 
score or low SRL). According to the critical concentrations and deficiency symptoms 
(Grundon et ah, 1987), no deficiencies of nutrients such as N, P, K or Ca were inferred, 
in accordance with earlier results (Tan et ah, 1992c). The way root damage is related to 
reduced growth is unclear. Negative effects of a disturbed hormonal balance as a result 
Fig. 5. Responses in dry matter yield to 
increased Mg supply in nutrient solutions, 
based on specific root length of the various 
genotypes grown in the presence of 30 yM 
Al. Solid arrows: response from 200 to 700 
[iM Mg at pH 4.2; broken arrows: response 
from 100 to 1000 \kM Mg at pH 4.8. (Exp. I 
and II) 
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of Al-induced root damage have been indicated for some plant species (Marschner, 1991). 
At pH 4.8, Al-induced root damage was diminished though the Al concentrations in the 
roots were increased 2 to 4 times as compared to pH 4.2. This might be explained by 
"hydroxy amelioration" of Al toxicity (i.e. by a shift of Al speciation towards hydroxy 
forms, which are presumed to be nontoxic; Grauer and Horst, 1992). In addition, observed 
temporary decline of total soluble Al in the rooting solution might have contributed to its 
diminished effect on the roots. However, Al was still toxic to the plants, especially with 
respect to Mg nutrition. Increased Mg supply in solution counteracted the negative effect 
of Al on Mg uptake. Contrary to the situation at pH 4.2 (Tan et al, 1992b; Fig. 1), at pH 
4.8 Al-induced growth inhibition could be eliminated by overcoming Mg deficiency. The 
relative susceptibility of the genotypes to Al was dependent on pH and external Al 
concentration (Tan et al, 1992b; 1993). Therefore, although the transition of growth 
control from root damage to Mg deficiency is common in all genotypes, it does not occur 
at the same pH and Al concentration. 
Susceptibility of the different genotypes to Mg deficiency is related to their efficiency 
in uptake and use of Mg. When growth is limited by the availability of Mg, a higher Mg 
uptake rate will benefit growth. On the other hand, genotypes with high Mg use efficiency 
can produce high yields at low internal Mg concentrations. In their final effect on plant 
yield, uptake and utilization of Mg are often interrelated (Sauerbeck and Helal, 1990). 
Therefore, a high tolerance against Mg deficiency can be attributed to a high efficiency 
in Mg uptake, Mg use or both. 
In agreement with an earlier report (Tan et al., 1992b), the growth of genotype 1 was 
stimulated by Al at a high external Mg concentration (Fig. 1). This genotype seems to be 
sensitive to Ca deficiency at high levels of Mg in solution because of its low Ca efficiency 
and a strong uptake interaction between Mg and Ca (Tan et al., 1992b, c). The stimulation 
of growth by Al at a high Mg supply might be due to a weakening effect of Al on the 
antagonistic action of Mg on Ca uptake, leading to improved uptake and use of Ca. 
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Chapter 12 
General discussion and outlook 
General discussion and outlook 
Importance of Mg-Al interactions 
In the present study, constraints of soil acidity on sorghum growth have been mainly 
attributed to Al toxicity. There are two independent aspects of Al toxicity: a direct effect 
of Al, expressed as root damage (stubby and discolorated roots) with a concomitant 
reduction in specific root length (m g dry root), and an indirect effect on Mg nutrition. 
Both effects are potentially growth limiting. Aluminium significantly reduced the uptake 
of Mg, whereas the uptake of Ca and P was only slightly affected. Magnesium deficiency 
was the most obvious nutrient disorder, controlling dry matter production of the Al-
stressed plants under many conditions where roots have not been damaged severely. 
In the literature most emphasis has been paid to the interactions between Al and Ca 
(Alva et al, 1986; Horst, 1987; Noble and Sumner, 1988; Wright and Wright, 1987) and 
between Al and P (Clarkson, 1967; Foy, 1988; Naidu et al, 1990; Rorison, 1965). It is 
only during the last few years that the interaction between Al and Mg has received more 
attention (Grimme, 1984; Keltjens and Dijkstra, 1991; Marschner, 1991; Rengel and 
Robinson, 1989). The present results show that an increasing Mg concentration in the 
nutrient solution alleviates both Al-induced Mg deficiency and root damage. Both 
interactions are probably caused by competition between Mg and Al ions for common 
binding sites in the roots. Antagonistic interactions between Mg and Ca and between Mg 
and H ions have also been observed. High Ca supply, low pH and NH4- instead of N03-N 
may exacerbate the Al-induced Mg deficiency and influence Al-induced root damage. 
Therefore, growth responses of sorghum on acid soils cannot be understood without 
considering both root damage and Mg nutrition. 
The physiological process limiting growth during Mg deficiency is unclear. Magnesium 
deficiency decreases the chlorophyll content of plants. This has also been observed in Al-
stressed plants (Ohki, 1986). Consequently, photosynthesis and the provision of 
photosynthates might be depressed. Root growth is usually stronger affected by Mg 
deficiency than shoot growth (Clark, 1975; Marschner, 1986). Thus, Al-induced Mg 
deficiency might contribute to the poor root growth observed in Al-stressed plants, in 
addition to the well-known direct effect of Al ions on root morphology (see General 
introduction). Interference of Al with other functions of Mgin the plant, such as activation 
of enzymes (Kirkby and Mengel, 1976), may be also responsible for Al-induced growth 
reduction. 
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The sorghum genotypes tested differ widely in sensitivity to Al-induced Mg deficiency. 
It has been shown that efficiencies in both uptake and utilization of Mg are related to 
these differences (Chapters 3 and 9). In addition, the involvement of Ca nutrition in the 
sensitivity to Mg deficiency implicates the importance of an optimal internal balance of 
Ca and Mg (Chapter 8). The physiological basis for differences in Mg efficiency has not 
yet been established. The genotypical variation in Mg uptake by ryegrass has been related 
to a differential activity of a hypothetical Mg transport enzyme (Rengel, 1990). 
Differences in Mg efficiency between maize cultivars have been associated with variations 
in internal translocation, interactions with other cations, and internal use of Mg (Clark, 
1975). For better understanding uptake characteristics, internal utilization and possible 
"feed-back" mechanisms between uptake and utilization should be further investigated. 
Magnesium can counteract Al not only in sorghum but also in other species. Some 
results of a recent experiment (to be published) with eighteen plant species are illustrated 
in Fig. 1. In most species increased levels of Mg and Ca both counteracted Al toxicity. 
With sorghum, wheat, rice, maize, rye, tomato, and soybean the counteracting effect of 
Mg on Al toxicity was greater, with sunflower it was similar and with cauliflower, 
cabbage, alfalfa, cowpea, cucumber, peanut, white clover and barley it was smaller than 
that of Ca at the same concentration. Only with oat and radish elevated levels of both Ca 
and Mg had a strengthening effect on Al toxicity. In general, Mg appears to be more 
effective than Ca in alleviating Al toxicity in the monocotyledonous species whereas the 
reverse was true for the dicotyledonous species. This seems to be consistant with the 
relative high requirement of Ca in dicots as compared with monocots (Clark, 1984; 
Loneragan and Snowball, 1969). Therefore, besides Al-Ca interactions, Mg-Al interactions 
are common in crop species, especially in cereals. 
Consequences of root damage 
Root damage is the other important aspect of the Al toxicity syndrome. In this study the 
degree of root damage of the genotypes well reflected their growth response to Al stress 
at a pH around 4.2 in both soil and nutrient solution. At this high acidity, increasing Mg 
supply improved plant growth mainly by protecting roots from Al damage (Chapters 3, 
5 and 12). In studies with nutrient solution a functional limitation of the uptake of water 
and nutrients is unlikely, even in case of a severe root damage (de Willigen and van 
Noordwijk, 1987). The observed close relationship between Al-induced root damage and 
plant dry matter production may therefore be established by a "signal" induced in roots 
and transmitted to the shoots (Bennet and Breen, 1991). 
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Fig. 1. Relative biomass (RB; dry matter yield ratio of +A1/-A1 at the corresponding Ca and Mg 
concentrations) of plant species grown for 2-3 weeks at pH 4.2 in nutrient solutions containing 
different concentrations of AI, Ca and Mg. Bars with "*" represent a decreased rather than 
increased RB, as compared to the value at both 0.25 mM Ca and Mg. 
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As roots are important sites of synthesis of cytokinin and abscisic acid, these hormones 
are possible candidates for the envisaged signal. In preliminary experiments at our 
laboratory with two Al-sensitive sorghum genotypes, 10 M 6-benzylaminopurine (BAP; 
a synthetic cytokinin) in nutrient solution resulted in the formation of stubby roots 
resembling Al-induced root damage (unpublished data). Possibly Al enhances the 
accumulation of cytokinin in plant roots. This has recently been evidenced with bean 
plants (Barceló et al., 1992). On the other hand, with Al-stressed soybeans, exogenous 
supply of BAP to the shoot restored shoot growth, suggesting that the Al-induced growth 
limitation was due to a shortage of cytokinin in the shoot (Pan et al., 1989). However, in 
the study of Barceló and coworkers (1992) cytokinin levels in leaves were also increased. 
Therefore, the relationship between growth and metabolism or transport of cytokinin in 
Al-stressed plants needs to be further examined. 
A drastical increase in abscisic acid concentration in the roots of pea plants, induced by 
Al, has been found by Klimashevskii (1983). This would be in line with the Al-induced 
decrease in transpiration rate found by Grimme and Lindhauer (1989). Though growth 
response to Al stress is clearly far more complicated than these few results can explain, 
increasing evidence suggests that hormones are involved (Marschner, 1991). 
Under field conditions, plants suffering from Al-induced root impairment will easily 
show water stress due to reduced root surface (Foy, 1988). Moreover, in Al-stressed plants 
more water will be taken up per unit of root length. This could lead to an increased rate 
of Al transport to the root surface, an increased uptake of Al and a further impairment 
of the root development (Hairiah et al., 1990). 
Practical implications of this research 
The identification of the acid soil constraints and their ways of restricting sorghum 
growth are relevant for the amendment of acid soils. 
Since sorghum cultivation has been extended also to areas with strongly acid soils, high 
application rates of lime are required for increasing soil pH and improving sorghum 
production (Sanchez and Salinas, 1981; Seré and Estrada, 1987). Liming increases soil Ca 
and soil pH, resulting in a decrease in Al solubility. When a soil with a pH around 4.3 is 
limed to pH 4.7, Al-induced root damage of sorghum may be alleviated but Mg deficiency 
may persist. For overcoming Mg deficiency, further liming would be required. 
Instead of raising the pH of the soil above pH 4.7, Mg fertilizers may be applied, 
especially when lime is not available or too expensive. According to the present results, 
the positive effect of Mg application on sorghum growth can be split into two 
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components: improvement of the plant's Mg status and counteraction of Al-induced root 
damage. In the field the latter effect is not a realistic option, because too much Mg would 
be needed for getting a measurable effect. However, in moderately acid soils, where roots 
are hardly impaired, Mg fertilization may be an effective means for soil improvement. 
Based on the results in Chapter 2, addition of only about 250 kg MgS04 per hectare can 
be estimated to maximize dry matter yield of genotype CV323. This amount of Mg is far 
less than the quantity of lime (4500 kg Ca(OH)2 per hectare) that would be needed in 
order to obtain a similar yield improvement. 
When soil pH is increased to a level where Mg is not deficient any more (e.g. to a pH 
around 6 according to Chapter 2), further liming may even induce Mg deficiency in some 
genotypes (Chapter 8), because of an imbalance of Ca and Mg (Carran, 1991). Dolomite 
containing carbonates of both Ca and Mg would appear to be favourable for cereals which 
are susceptible to Mg deficiency, like sorghum. Its application to acid soils has shown to 
be economically viable for sustainable crop production (Edwards et al., 1991). 
In acid, highly leached and weathered soils such as ultisols and oxisols, there may be 
not only an Al-induced but also an absolute deficiency of Mg. In this case, detoxification 
of Al by liming will be not sufficient and Mg fertilization in combination with liming 
must be considered as a necessary practice for improving plant growth. On the other hand, 
Mg deficiency will not be expected if acid soils are rich in Mg such as certain alluvial 
acid sulfate soils. 
The exacerbating effect of NH4 on Al-induced Mg deficiency is practically relevant as 
NH4 is usually the prevailing N-source in many acid soils. In case of fertilization with 
NH4-N, the avoidance of Mg deficiency should receive attention. Ameliorating effects of 
NH4 on Al-induced root damage, as found in nutrient solution experiments, may be over-
compensated in soil by its negative effects, when NH4 uptake by the roots leads to a 
decrease in rhizosphere pH and consequently to an increase in the solubility and toxicity 
of Al. 
In the present experiments with nutrient solutions Al has hardly induced deficiencies of 
Ca and P. However, under field conditions a counteraction between Ca and Al, a 
precipitation of P with Al, an absolute deficiency of Ca and P and a negative effect of Al-
induced root damage on uptake of nutrients, especially P, can not be excluded. 
The differences in sensitivity to acid-soil stress between genotypes provide a basis for 
selection of the most suitable cultivars for particular soil conditions. From economical 
points of view, this strategy may be even more attractive than influencing soil conditions 
by liming or by fertilization. Genotypes which are tolerant to Al-induced root damage 
(such as SC0283) should be choosen for both strongly and moderate acid soils, whereas 
genotypes which are sensitive to root damage (such as RTx434) should not be choosen 
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for soils with a high acidity (Chapter 3). Genotypes with a high Mg efficiency in 
combination with a high tolerance against root damage (such as B68) may be selected for 
strongly acid soils both low and high in Mg availability, whereas genotypes with a low 
Mg efficiency and high sensitivity against root damage (such as CV323) should only be 
grown on Mg rich soils with moderate acidity. In practice these selection criteria will need 
to be supplemented by other criteria such as productivity under optimum condition which 
are beyond the scope of this study. Superior characteristics of cultivars may be combined 
in breeding programs. 
The amendment of acid soils should fulfil the requirement of particular genotypes and 
selected genotype should fit the prevailing soil conditions. For an optimization of 
agricultural productivity at a mininum cost it will often be necessary to combine and 
harmonize both measures, soil amendment and genotype selection. 
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Summary 
Plant vitality is often hampered in acid soils. This is due to toxicities of excess ions such 
as Al3+, H+ and Mn2+ and possible deficiencies of nutrients such as P, Ca and Mg. There 
are enormous differences in sensitivity to acid-soil stress between varieties of crop species. 
This study aimed to identify acid soil constraints and their ways of restricting plant 
growth. Therefore, twelve sorghum (Sorghum bicolor (L.) Moench) genotypes were grown 
on soils differing in acidity and on nutrient solutions containing different concentrations 
of Al. 
Acid-soil stress in sorghum plants was expressed in two different ways: by a reduced 
specific root length (SRL; m g"1 dry root) and by Mg deficiency (Chapters 2 and 3). This 
was worked out in pot experiments with an acid sandy loam in a greenhouse. The degree 
of these expressions was greatly dependent on pH as well as on genotypes. At high acidity 
(unlimed soil; pH 4.3), the SRL well reflected growth (biomass) response of different 
genotypes to acid-soil stress and predominated plant Mg status in controlling growth. Plant 
Mg uptake was mainly reduced by a direct antagonistic effect of Al (or H) ions in the soil 
solution rather than from impaired root development, i.e. reduced SRL. At lower acidity 
(limed soil; pH 4.7), the efficiency of uptake and utilization of Mg dominated growth of 
sorghum genotypes. Liming improved both root development and Mg nutrition of sorghum 
plants. The benefit of liming on growth was higher when Mg supply was adequate. 
Positive effect of Mg fertilization on growth was only achieved at moderate soil acidity 
(pH 4.7). 
By using nutrient solution culture techniques, stress factors relevant in acid soils, such 
as Al, H, P, Ca, and Mg, could be separated. Nutrient solution experiments were carried 
out in growth chambers using an automatic titration system to maintain solution pH 
constant during growth. The acid-soil stress was mainly attributed to excess Al (Chapters 
3 and 4): plants grown on nutrient solution with 30 \xM Al showed the same stress 
responses as observed in acid soils, i.e. root damage and Mg deficiency, and the same 
sensitivity grouping of genotypes in dry matter production. The effect of Al on dry matter 
yield of the genotypes was more closely correlated with changes in SRL than with 
changes in internal Mg status, resembling the situation in the unlimed acid soil (pH 4.3). 
Increasing Mg supply from 0.25 to 2.5 and 7.5 mAf Mg decreased the sensitivity of 
sorghum genotypes to Al through reducing not only Al-induced Mg deficiency but also 
Al-induced root damage. 
As inhibition of Al on growth has often been related to P nutrition, symptoms of Al 
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stress of an Al-tolerant and an Al-sensitive genotype were compared at optimal and 
suboptimal P supply (Chapters 6 and 7). In contrast to P supply, Al did not decrease the 
uptake of P nor affect its distribution to different organic P fractions in both genotypes. 
The effects of Al on root morphology and on dry matter distribution between shoot and 
roots also differed from those of P deficiency. Therefore, with sorghum grown on nutrient 
solution Al toxicity was independent of P deficiency. Increasing P supply exerted certain 
roles in eliminating Al phytotoxicity, possibly through improved root development and 
nutrient uptake. 
External factors such as concentrations of Ca, N-form (N03 or NH4) and pH of the 
nutrient solutions modified Al toxicity in the various genotypes mainly through their 
effects on root development and Mg nutrition (Chapters 8, 9 and 10). At pH 4.2, an 
interaction between Al- and Ca ions for uptake was hardly found. Just contrary, strong 
antagonistic actions between Al and Mg and between Ca and Mg were observed with all 
genotypes. An increased concentration of Ca in the nutrient solution from 1 to 5 raM 
counteracted the damaging effect of Al on root development but strengthened Al-induced 
Mg deficiency. Therefore, Ca was less effective than Mg in overcoming Al phytotoxicity, 
especially with Ca-efficient genotypes, which were generally sensitive to Mg deficiency. 
Similar to Ca, but contrary to N03, NH4 counteracted Al-induced root damage but 
aggravated Mg deficiency in nutrient solution at pH 4.2. The modification of Al toxicity 
by the N-form supply depended on the relative sensitivity to both Mg deficiency and root 
damage of the genotypes. 
At low pH, Al-induced root damage and Mg deficiency were most pronounced. It was 
concluded that Al is the most likely candidate for causing both these negative effects, 
while the contribution of H+ was marginal. 
Separate contribution of root damage and Mg deficiency to Al toxicity in the individual 
genotypes was investigated under conditions of low Mg supply (50-1000 uAf Mg) in 
nutrient solutions at pH 4.2 and 4.8 (Chapter 11). Growth of Al-stressed plants was 
controlled by either root damage or Mg deficiency, depending on the activity of Al and 
the genotypes. A high degree of Al-induced root damage suppressed growth, independent 
of Mg supply, but with decreasing severity of root damage, transition of growth control 
towards plant Mg status occurred. Sensitivity of the different genotypes to Al-induced Mg 
deficiency was related to their efficiency in uptake and use of Mg. 
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Samenvatting 
De vitaliteit van planten neemt doorgaans af met toenemende verzuring van de bodem. 
Dit is het gevolg van het voorkomen in zure gronden van enerzijds toxische concentraties 
aan Al3+, H+ en Mn2+ en anderzijds van tekorten aan nutriënten als P, Ca en Mg. Er 
bestaan grote verschillen in gevoeligheid voor een lage bodem pH tussen plantesoorten 
maar ook tussen cultivars binnen eenzelfde plantesoort. Het doel van dit onderzoek was 
om na te gaan welke faktoren in zure gronden direct verantwoordelijk zijn voor geremde 
plantengroei en welke fysiologische plantkarakteristieken ten grondslag liggen aan 
verschillen in gevoeligheid tussen plantesoorten en/of cultivars voor een lage bodem pH. 
Daartoe werden twaalf sorghum cultivars gekweekt op bodems variërend in zuurgraad en 
op voedingsoplossingen met uiteenlopende concentraties aan aluminium. 
Schade bij sorghum als gevolg van een hoge zuurgraad van de bodem uitte zich op een 
tweetal wijzen, n.l. in de vorm van geremde wortelontwikkeling en door tekorten aan 
magnesium in de plant (Hoofdstuk 2 en 3). Dit deel van het onderzoek werd uitgevoerd 
door middel van potproeven met een zure lössgrond. De mate waarin de twee 
eerdergenoemde verschijningsvormen van Al toxiciteit zich manifesteerden bleek sterk af 
te hangen van de pH en verschilde daarnaast zeer sterk tussen de twaalf cultivars 
onderling. Bij een hoge zuurgraad (onbekalkte grond; pH 4.3) bleek remming van de 
wortelontwikkeling, uitgedrukt op basis van specifieke wortellengte (SWL; m g droge 
wortel) goed gecorreleerd te zijn met de mate van groeiremming en Mg gebrek als 
mogelijke groeibeperkende faktor te overheersen. Remming van de Mg opname door 
planten op zure gronden kan verklaard worden door de directe antagonistische werking 
van hoge concentraties aan Al (of H) ionen in de bodemoplossing en niet of slechts in 
beperkte mate door de verminderde wortelontwikkeling. Bij een lagere zuurgraad van de 
grond (bekalkte grond: pH 4.7) bleek niet langer de wortelontwikkeling maar de Mg 
voeding de groeibeperkende factor bij sorghum te zijn. Bekalking van een zure grond 
verbeterde zowel de wortelontwikkeling als ook de Mg voeding van de sorghum planten. 
Positieve effecten van bekalking op de groei waren beter wanneer ook de Mg voorziening 
van de planten toereikend was. Bemesting met magnesium bleek alleen bij matig zure 
gronden (pH 4.7) een gunstig effect op de groei van sorghum te hebben. 
Door gebruik te maken van voedingsoplossingen konden die groeiremmende factoren 
welke in zure gronden doorgaans gelijktijding operationeel zijn (overmaat aan Al, H, Mn; 
tekorten aan Mg, Ca, P) ontkoppeld en afzonderlijk bestudeerd worden. Diverse 
waterculture experimenten werden uitgevoerd in klimaatkamers, waarbij met behulp van 
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een 16-kanaals automatische titratie opstelling de pH van de voedingsoplossingen 
gedurende de gehele duur van de experimenten constant werd gehouden op gewenste 
waarden. Uit deze experimenten bleek dat remming van de groei van sorghum op zure 
bodems grotendeels toe te schrijven is aan een overmaat (toxiciteit) van Al in de 
bodemoplossing, n.l. planten gekweekt op voedingsoplossingen met een Al concentratie 
van 30 uAf vertoonden eenzelfde schadebeeld als die gekweekt op een zure grond en wel 
geremde wortel groei evenals symptomen van Mg gebrek (Hoofdstuk 3 en 4). Daarnaast 
vertoonden de twaalf cultivars eenzelfde rangorde met betrekking tot hun gevoeligheid 
voor zure gronden als die voor een overmaat aan Al, respectievelijk getoetst door middel 
van potproeven met grond en voedingsoplossingen met uiteenlopende Al concentraties. Het 
effect van Al op de droge stofopbrengst van de twaalf sorghum cultivars bleek beter 
gecorreleerd te zijn met de effecten van Al op de specifieke wortellengte dan met die op 
de interne Mg status, hetgeen sterke overeenkomsten vertoont met eerder geschetst beeld 
verkregen bij onbekalkte zure gronden (pH 4.3). Verhoging van de Mg concentratie in de 
voedingsoplossing van 0.25 tot 2.5 en 7.5 mM verminderde de gevoeligheid van de 
sorghum planten voor Al niet alleen door geïnduceerd Mg gebrek, maar ook door Al 
veroorzaakte schade aan het wortelstelsel terug te dringen. 
Omdat groeiremmingen bij planten bij een overmaat aan Al vaak toegeschreven worden 
aan een verstoorde fosfaat voeding (P-gebrek) werd van een Al-gevoelige en een Al-
tolerante cultivar, beide behorend tot de twaalf onderzochte sorghum cultivars, de Al-
gevoeligheid vergeleken onder omstandigheden van optimale en suboptimale P voorziening 
(Hoofdstuk 6 en 7). In tegenstelling tot het P aanbod (concentratie van P in de 
voedingsoplossing) had Al geen effect op de opname, noch op de verdeling van het fosfaat 
binnen de plant over diverse P-fracties. Effecten van de aanwezigheid van Al in de 
voedingsoplossing (Al-toxiciteit) op de wortelmorfologie en de verdeling van de droge stof 
over spruit en wortel weken eveneens af van die waargenomen bij P gebrek. Hieruit kan 
geconcludeerd worden dat bij sorghum, gekweekt op voedingsoplossing, Al toxiciteit en 
P gebrek verschillende vormen van stress zijn, die zich geheel onafhankelijk van elkaar 
kunnen manifesteren. Uit het onderzoek bleek wel dat een verhoogd aanbod van P in de 
voedingsoplossing een verlaging van de Al toxiciteit tot gevolg had, waarschijnlijk 
verklaarbaar door een betere wortelontwikkeling en nutrientenvoorziening van de planten. 
Andere externe factoren, zoals Ca aanbod, N-vorm (N03 of NH^) en pH van de 
voedingsoplossing beïnvloedden eveneens de Al toxiciteit van de sorghum en wel via een 
wijziging van de wortelontwikkeling en/of de Mg voeding (Hoofdstuk 8, 9 en 10). Bij een 
pH 4.2 van de voedingsoplossing werd bij sorghum nagenoeg geen interactie gevonden 
tussen Al en Ca. Geheel in tegenstelling hiermee vonden bij alle cultivars sterke interacties 
plaats tussen zowel Al en Mg, als ook tussen Ca en Mg. Een toename van de Ca 
152 
concentratie in de voedingsoplossing van 1.0 tot 5.0 mAf drong weliswaar de Al schade 
aan het wortelstelsel sterk terug, maar versterkte tegelijkertijd het door Al geïnduceerde 
Mg tekort. Het gevolg hiervan is dat Ca minder effectief is dan Mg met betrekking tot 
detoxificatie van Al. Dit geldt vooral voor Ca-efficiente cultivars die veelal erg gevoelig 
zijn voor Mg gebrek. Vergelijkbaar met Ca, maar in tegenstelling tot N03, had de 
aanwezigheid van NH4 in de voedingsoplossing bij pH 4.2 positieve gevolgen voor de 
door Al geinduceerde wortelremming, maar een negatief effect op de Mg voeding van 
sorghum planten. Verschuivingen in de Al gevoeligheid van de diverse cultivars als gevolg 
van de vorm waarin stikstof werd aangeboden (N03 of NH4) bleken samen te gaan met 
hun relatieve gevoeligheid voor zowel Mg gebrek als voor geremde wortelontwikkeling. 
Negatieve effecten van Al op de wortelontwikkeling en de Mg voeding bleken verreweg 
het sterkst te zijn bij een lage pH. Geconcludeerd kan worden dat zeer waarschijnlijk Al + 
de verschijningsvorm van Al is die grotendeels verantwoordelijk is voor de beide 
eerdergenoemde vormen van Al schade bij planten. De rol van H+ is daarbij waarschijnlijk 
marginaal. 
De afzonderlijke bijdrage van wortelremming en Mg gebrek op de Al toxiciteit bij de 
afzonderlijke sorghum cultivars werd onderzocht door middel van waterculture 
experimenten bij een laag aanbod van Mg (50-1000 \xM Mg) bij pH 4.2 en 4.8 (Hoofdstuk 
11). Groei van de door overmaat aan Al "gestresste" planten bleek te worden 
gecontroleerd door wortelremming of Mg tekort, afhankelijk van Al concentratie en 
cultivar. Een hoge mate van wortelbeschadiging bleek samen te gaan met een sterke 
groeiremming, onafhankelijk van de Mg voeding, terwijl met afnemende 
wortelbeschadiging (toename van de specifieke wortellengte) de controle over de groei 
overging van wortelremming naar Mg gebrek. De gevoeligheid van de verschillende 
cultivars voor het door Al geïnduceerd Mg gebrek bleek te zijn gerelateerd met hun 
doelmatigheid voor wat betreft de opname als ook de benutting van Mg. 
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